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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Acetyl-CoA plays a central role in many interconnecting primary and secondary 
metabolic pathways. The mechanisms involved in acetyl-CoA generation are not well 
understood despite (and probably due to) its essential role in plant metabolism. Since acetyl-
CoA is membrane-impermeable (Liedvogel and Stumpf 1982), synthesis is thought to occur 
in the subcellular compartment where it is required. As such, there would be at least four 
acetyl-CoA-generating compartments with corresponding pools of acetyl-CoA: 
mitochondria, plastids, microbodies and cytosol. Acetyl-CoA's compartmentation and 
plurality of roles in plant growth and development have complicated the study of its 
generative mechanisms (Murphy and Stumpf 1981; Givan, 1983; Kaethner and ap Rees 
1985; Randall et al., 1989; Harwood, 1996; Wurtele et al., 1998; Ke et al., 2000; and 
Rangasamy and Ratledge, 2000; and Fatland et al., 2002). In plants, acetyl-CoA precursors 
include acetate (Kuhn et al., 1981; Liedvogel and Stumpf, 1982; Masterson et al., 1990; and 
Roughan et al., 1993), pyruvate (Reid et al., 1975; and Smith et al., 1993) and citrate (Nelson 
and Rinne, 1975; Fritsch and Beevers, 1979; Kaethner and ap Rees, 1985; and Ratledge et 
al., 1997), but only recently are the physiological and developmental roles of each precursor 
becoming elucidated. 
ATP-citrate lyase (ACL) catalyzes the ATP-dependent conversion of citrate and CoA to 
oxaloacetate and acetyl-CoA. ACL activity has been reported in several systems including 
mango fruit, Mattoo and Modi, (1970); soybean cotyledons, Nelson and Rinne, (1975); and 
germinating castor bean endosperm Fritsch and Beevers, (1979). ACL activity was 
subsequently correlated with a cytosolic marker and Kaethner and ap Rees (1985) concluded 
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that a cytosolic ACL may play a role in terpenoid biosynthesis. Similarly, ACL activity 
increases coincidentally with the synthesis of ipomeamarone, an acetyl-CoA-derived 
sesquiterpene, found in sweet potato (Takeuchi et al., 1981). Additionally an ACL-B 
homolog is induced in Capiscum upon fungal infection (Suh et al., 2001), and may be 
associated with the production of the sesquiterpene phytoalexin, capsidiol (Back et al., 1998). 
Cytosolic acetyl-CoA is required for the biosynthesis of many phytochemicals essential 
to plant growth, development and protection including: flavonoids, stilbenoids, isoprenoids, 
sterols, elongated fatty acids, malonyl derivatives, and malonic acid. In plants, ATP-citrate 
lyase (ACL) has been suggested to generate cytosolic acetyl-CoA (Kaethner and ap Rees, 
1985; Takeuchi et al., 1981; and Back et al., 1998). 
In contrast, reports by Ratledge et al., (1997) indicated that the majority of ACL activity 
is plastidic; the highest ACL activity was found in plant tissues with the highest demand for 
acetyl-CoA as a fatty acid precursor. In animals, cytosolic ACL-derived acetyl-CoA is used 
for the production of fatty acids and cholesterol. Ratledge et al. (1997) suggested that the 
role of ACL in plants is to maintain the cellular flux of acetyl-CoA during lipid formation for 
seed storage. After identification of a plant ACL based on immuno-crossreaction with rat 
ACL antibodies, Rangasamy and Ratledge (2000) concluded that ACL is plastid-localized. 
As of late, the location and physiological role of ACL remains unclear. 
We identified two Arabidopsis cDNAs, which encode proteins similar to the amino and 
carboxy portions of human ATP-citrate lyase. In the Arabidopsis genome three genes encode 
for the ACLA subunit (ACLA-1, Atlgl0670; ACLA-2, Atlg60810; ACLA-3, Atlg09430) and 
two genes encode the ACLB subunit (ACLB-1, At3g06650; ACLB-2, At5g49460). The 
predicted mRNAs from ACLA-2 and ACLA-3 share 89% and 73% sequence identity with 
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ACLA-1. The predicted polypeptides have approximately 50% identity to the N terminus 
(ACLA) and C terminus (ACLB) of the human ACL polypeptide and contain no apparent 
organelle targeting sequence. These polypeptides and ACL activity are localized in the 
cytosol. The ACL-A and ACL-B mRNAs accumulate in coordinated spatial and temporal 
patterns during plant development (Ke, 1997). This complex accumulation pattern is 
consistent with the predicted physiological needs for cytosolic acetyl-CoA, and is closely 
coordinated with the accumulation pattern of cytosolic acetyl-CoA carboxylase, an enzyme 
using cytosolic acetyl-CoA as a substrate. 
To understand the significance of ACL-derived acetyl-CoA to whole plant metabolism, 
antisense Arabidopsis plants reduced in ATP citrate lyase activity were generated and 
characterized. ACL activity is required for plant survival, indicating ACL provides a critical, 
non-redundant source of acetyl-CoA to the cytosol. 
Dissertation Organization 
The alternative paper organization format has been selected for this dissertation. As 
such, it consists of five chapters containing a general introduction, three published or to-be-
published manuscripts, and a general conclusion. Literature Cited and three appendices 
follow. The document incorporated formatting guidelines established by the publishing 
journal, incorporating thesis requirements where necessary. 
The first article "Molecular Characterization of a Heteromeric ATP-Citrate Lyase That 
Generates Cytosolic Acetyl-CoA in Arabidopsis" was published in Plant Physiology, 
October 2002, 130:740-756 and is reprinted here with permission of the American Society of 
Plant Biologists. Multiple authors contributed to this work. The first author, Beth L. 
Fatland, was responsible for generating data represented in figures 2, 3C, 4A, 4B, and 5B; 
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formatting figures 1, 2, 4, 5 A, 6 and 7 and writing a portion of and extensively editing the 
text. 
The second article "The Function of ATP-Citrate Lyase in Cytosolic Acetyl-CoA 
Production" was prepared for submission to Plant Cell. Dr. Hui-Rong Qian performed the 
analysis of variance (ANOVA) on the microarray data. Dr. Hilal Ilarslan provided 
information in the form of personal communication and contributed micrographs A to F in 
Figure 4. Ann Perera, under the supervision of Dr. Basil Nikolau, provided methods and 
instrument expertise for GC/MS analysis of cuticular wax and seed fatty acids. Beth L. 
Fatland generated the remaining data presented in this paper. 
The third manuscript entitled "Biochemical Complementation of the 
Antisense ATP-Citrate Lyase Phenotype" was prepared for submission to Plant Physiology. 
Dr. Hilal Ilarslan was responsible for the initial tissue fixation and subsequent steps leading 
to the micrographs presented in Figure 14. Beth L. Fatland generated the rest of the data 
represented in the manuscript. 
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CHAPTER 2. MOLECULAR CHARACTERIZATION OF A 
HETEROMERIC ATP-CITRATE LYASE THAT GENERATES 
CYTOSOLIC ACETYL-COA IN ARABIDOPSIS 
A paper published in Plant Physiology 
Beth L. Fatland, Jinshan Ke, Marc D. Anderson, Wieslawa I. Mentzen, Li Wei Cui, 
C. Christy Allred, Jerry L. Johnston, Basil J Nikolau, Eve Syrkin Wurtele 
Abstract 
Acetyl-CoA is utilized in the cytosol of plant cells for the synthesis of a diverse set of 
phytochemicals including waxes, isoprenoids, stilbenes and flavonoids. The source of 
cytosolic acetyl-CoA is unclear. We identified two Arabidopsis cDNAs, which encode 
proteins similar to the amino and carboxy portions of human ATP-citrate lyase. Co-
expression of these cDNAs in Saccharomyces cerevisiae confers ATP-citrate lyase activity, 
indicating that both the Arabidopsis genes are required for ACL activity. Arabidopsis ATP-
citrate lyase is a heteromeric enzyme composed of two distinct subunits, ACLA (45 kD) and 
ACLB (65 kD). The holoprotein has a molecular weight of 500 kDa, which corresponds to a 
heterooctomer with an A4B4 configuration. ATP-citrate lyase activity and the ACLA and 
ACLB polypeptides are located in the cytosol, consistent with the lack of targeting peptides 
in the ACLA and ACLB sequences. In the Arabidopsis genome three genes encode for the 
ACLA subunit (ACLA-1, Atlgl0670; ACLA-2, Atlg60810; ACLA-3, Atlg09430) and two 
genes encode the ACLB subunit (ACLB-1, At3g06650; ACLB-2, At5g49460). The ACLA 
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md ACLB mRNAs accumulate in coordinated spatial and temporal patterns during plant 
development. This complex accumulation pattern is consistent with the predicted 
physiological needs for cytosolic acetyl-CoA, and is closely coordinated with the 
accumulation pattern of cytosolic acetyl-CoA carboxylase, an enzyme using cytosolic acetyl-
CoA as a substrate. Taken together, these results indicate that ATP-citrate lyase, encoded by 
the ACLA and ACLB genes of Arabidopsis, generates cytosolic acetyl-CoA. The heteromeric 
organization of this enzyme is common to green plants (including Chlorophyceae, 
Marchantimorpha, Bryopsida, Pinaceae, monocotyledons, and eudicots), species of fungi, 
Glaucophytes, Chlamydomonas, and prokaryotes. In contrast, all known animal ATP-citrate 
lyase enzymes have a homomeric structure, indicating a evolutionary fusion of the ACLA and 
ACLB genes probably occurred early in the evolutionary history of this kingdom. 
Introduction 
Acetyl-CoA is an intermediate metabolite that is juxtaposed between catabolic and 
anabolic processes. As the entry-point for the TCA-cycle, acetyl-CoA can be considered as 
the gateway in the oxidation of carbon derived from the catabolism of fatty acids, certain 
amino acids (e.g., leucine, isoleucine, lysine, and tryptophan), and carbohydrates. 
Furthermore, acetyl-CoA is the intermediate precursor for the biosynthesis of a wide variety 
of phytochemicals. Because membranes are impermeable to CoA-derivatives, it can be 
inferred that acetyl-CoA is generated in at least four distinct metabolic pools representing the 
four subcellular compartments where acetyl-CoA metabolism occurs: plastids, mitochondria, 
peroxisomes, and the cytosol (Fig. 1). 
Therefore, plants should have distinct acetyl-CoA-generating systems in mitochondria 
(for the TCA cycle), in plastids (for de novo fatty acid biosynthesis), in peroxisomes (the 
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product of 6-oxidation of fatty acids), and in the cytosol (for the biosynthesis of isoprenoids, 
flavonoids and malonated derivatives, and the elongation of fatty acids). Such 
compartmentalized and distinct acetyl-CoA-generating systems would enable the organism to 
precisely regulate the supply of acetyl-CoA to different metabolic pathways. 
In addition to the differential subcellular requirements for acetyl-CoA, the requirements 
for acetyl-CoA vary among different cell types. For example, whereas de novo fatty acid 
biosynthesis is required for the assembly of membrane lipids, it is also induced for assembly 
of triacylglycerides at discreet times during the development of embryos, endosperm, and 
tapetum. In the epidermis of flower petals of many species, anthocyanin pigments (which 
require acetyl-CoA for their synthesis) accumulate during development to act as visual 
attractants of insect pollinators. The biosynthesis of anthocyanins is also induced in the leaf 
epidermis in response to biotic and abiotic stresses (Schmid et al., 1990). Additionally, 
epidermal cells of aerial portion of plants require both the plastidic and cytosolic acetyl-CoA 
pools for the biosynthesis of the cuticle. Another acetyl-CoA-derived phytochemical is 
malonic acid, which accumulates to high levels in certain legumes during development and 
following stress (Arnold and Hill, 1972; Stumpf and Burris, 1981; Li and Copeland, 2000). 
Finally, in maize seedlings, army worm prédation induces a 30-fold increase in the 
accumulation of an acetyl-CoA-derived naphthalene-based sesquiterpene (Shen et al., 2000). 
Thus, the generation of acetyl-CoA may be tightly regulated in response to developmental 
and environmental signals. 
Despite its metabolic importance, the pathways for the biogenesis of acetyl-CoA in plants 
are still not well understood. Several possible mechanisms for generating acetyl-CoA in the 
plastid for fatty acid biosynthesis have been described. However, the relative significance of 
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each of these mechanisms is not yet clear (Mattoo and Modi, 1970; Elias and Givan, 1979; 
Kaethner and ap Rees, 1985; Liedvogel and Stumpf, 1982; Givan, 1983; Randall et al., 1989; 
Wurtele et al., 1998; Ke et al., 2000a; Bao et al., 2000). Recent studies indicate that the 
acetyl-CoA-pool required for de novo fatty acid biosynthesis is primarily generated by the 
plastidic isoform of the pyruvate dehydrogenase complex (Ke et al., 2000a). 
Far fewer studies have directly addressed how the cytosolic pool of acetyl-CoA is 
generated in plants (Kaethner and ap Rees, 1985; Burgess and Thomas, 1986; Wurtele et al., 
1998; Rangasamy and Ratledge, 2000). In vertebrates (Stryer, 1988; and Sato et al., 2000) 
and possibly insects (Sutherland and Feyereisen, 1996), de novo fatty acid biosynthesis and 
cholesterolgenesis are cytosolic processes, and cytosolic ATP-citrate lyase (ACL) generates 
the required acetyl-CoA precursor. ACL catalyzes the ATP- and CoA-dependent cleavage of 
citrate to form acetyl-CoA and oxaloacetate: 
Citrate + ATP + CoA > Oxaloacetate + Acetyl-CoA + ADP +Pi 
In vertebrates, ACL is a homotetramer of 110-kD subunits, and as a lipogenic enzyme it 
is highly regulated by complex transcriptional and post-translational mechanisms (Sato et al., 
2000). ACL activity was first reported in plants in the 1970s (Mattoo and Modi, 1970; 
Nelson and Rinne, 1975, 1977). However, its role in acetyl-CoA generation has been 
difficult to assess due to inconsistent findings regarding its subcellular location (Fritsch and 
Beevers, 1979; Kaethner and ap Rees, 1985; Ratledge et al., 1997; Rangasamy and Ratledge, 
2000). 
We report the isolation and characterization of Arabidopsis cDNAs coding for ACL 
subunits. These characterizations demonstrate that the plant ACL is structurally distinct from 
the animal enzyme, consisting of two subunits of 45 kD and 65 kD, probably in an A4B4 
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stoichiometry. Our results indicate that plant ACL is cytosolic. The complex spatial and 
temporal accumulation pattern of ACL mRNAs indicates that ACL may supply the acetyl-
CoA substrate for the cytosolic acetyl- CoA carboxylase, which generates the malonyl-CoA 
utilized for the synthesis of a multitude of compounds including very long chain fatty acids 
and flavonoids. 
Results 
Plant ACL is Composed of Two Distinct Subunits. 
The Arabidopsis EST database was searched with the TBLASTN algorithm (Altschul et 
al., 1990) using the human ACL sequence as the search query. This search identified two 
groups of non-overlapping ESTs that exhibit high sequence similarity to the N-terminal third 
and C-terminal two-thirds of the human ACL protein, respectively (Wurtele et al., 1998). A 
representative EST from each of these two groups was completely sequenced. One of these, 
TASG097 (hereafter referred to as ACLA-1), shares 60% sequence similarity with the N-
terminal portion of the human ACL and is a near full-length cDNA clone. The other clone, 
VBVYCOl (hereafter referred to as ACLB-2-partial), shares 71% sequence similarity with the 
C-terminal portion of the human ACL and is a partial cDNA. A 2.2-kb full-length cDNA 
clone of,4CL8-2-partial (hereafter referred to as ACLB-2) was isolated from a lambda cDNA 
silique library (made by L.A. Castle and D.W. Meinke, Oklahoma State University), obtained 
from the Arabidopsis Biological Resource Center (Columbus, OH). 
To investigate the biochemical function of these cDNAs, and thus test the sequence-
based hypothesis that they encode subunits of ACL, each cDNA was expressed in 
Escherichia coli, and the recombinant proteins were used to generate antisera 
(http://www.molebio.iastate.edu/~mash/Ecoli.html). Western blot analyses of SDS-PAGE-
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fractionated Arabidopsis protein extracts revealed that anti-ACLA-1 serum reacts with a 45-
kD polypeptide, and anti-ACLB-2 serum reacts with a 65-kD polypeptide (Fig. 2). The 
molecular weights of these immunologically-identified polypeptides are in close agreement 
with those predicted from the ACLA-1 (423 residue polypeptide) and ACLB-2 (608 residue 
polypeptide) cDNA sequences. 
The biochemical function of these two proteins was identified by expressing each cDNA 
in S. cerevisiae, an organism without. The ACLA-1 and ACLB-2 cDNAs were cloned into the 
S. cerevisiae integrative expression vectors, pYX042 and pYX012and integrated either 
individually or in combination at the leu2 and ura3 loci of yeast strain aD273. The 
integration of each of these transgenes was selected on the basis of leucine and/or uracil 
auxotrophy, and confirmed by Southern blot analyses of DNA isolated from the resulting 
transgenic strains (http://www.molebio.iastate.edu/~mash/yeast.html). Western blot analyses 
of protein extracts prepared from the recombinant yeast strains confirm that the Arabidopsis 
transgenes were expressed (Fig. 3A, B). No immunological reaction is detected in extracts 
from the parental yeast strain aD273, with either anti-ACLA-1 or anti-ACLB-2 sera. 
However, immunological reactions are detected at the predicted molecular weights in strains 
carrying the ACLA-1 and ACLB-2 transgenes. Extracts from each of these yeast strains were 
assayed for ACL activity (Fig. 3C). ACL activity is only detectable in the strain co-
expressing the ACLA-1 and ACLB-2 transgenes, but not in the parental strain or the two 
strains expressing these transgenes individually. These results conclusively demonstrate that 
ACLA-1 and ACLB-2 code for two distinct and essential subunits of the Arabidopsis ACL. 
We term these subunits, ACLA and ACLB, respectively. 
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Arabidopsis ACL is a Non-dissociable Heteromeric Complex of 500 kD. 
To ascertain if the ACLA and ACLB subunits are associated in a complex, and begin to 
determine the physical nature of this complex, the distribution of ACL activity, and ACLA 
and ACLB subunits were determined after fractionation of plant extracts by non-denaturing 
gel electrophoresis, anion exchange chromatography, and gel filtration chromatography. 
Following gel filtration chromatography of Arabidopsis silique extracts, 64% of the ACL 
activity applied to the column was recovered in fractions #11-19 (Fig. 4A). Both the ACLA 
and ACLB subunits co-fractionate with ACL activity (Fig. 4B), co-eluting as a complex of 
500 + 30 kD. Analogous experiments were also conducted with extracts from pea seedlings 
(data not shown), and again in these experiments ACL activity and the immunologically-
identified ACLA and ACLB subunits co-eluted, with a molecular weight of 470 ± 30 kD. 
Additional evidence for ACL being a heteromeric complex of ACLA and ACLB subunits 
was obtained from ion exchange chromatography experiments with pea shoot extracts. Both 
the ACLA and ACLB subunits co-elute from a Mono-Q column as a single peak at 110 mM 
NaCl (data not shown). Finally, ACL-containing Arabidopsis extracts were fractionated by 
non-denaturing polyacrylamide gel electrophoresis. In each of four repetitions of this 
experiment ACLA and ACLB subunits co-migrated, indicating that these proteins associate 
in a single complex (Fig. 4C). 
ACL is a Cytosolic Enzyme. 
Knowing the subcellular location of ACL is critical to deducing its physiological 
function. Previous studies of the subcellular location of this enzyme have been inconclusive. 
An initial study indicated a plastidic location (Fritsch and Beevers, 1979), while Kaethner 
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and ap Rees (1985) indicated a cytosolic location; more recent studies indicated both a 
cytosolic and plastidic location (Ratledge et al., 1997; Rangasamy and Ratledge, 2000). 
The three ACLA and two ACLB polypeptides encoded in the Arabidopsis genome do not 
contain an N-terminal organelle-targeting extension sequence relative to the animal ACL 
sequence. Computational predictions with PSORT (Nakai and Kanehisa, 1992) and 
TARGET? (Emanuelsson et al., 2000) algorithms are inconclusive. PSORT indicates that 
the three ACLA proteins are either in the cytosol or in peroxisomes; TARGET? predicts that 
they are not targeted to plastids, mitochondria or secreted. PSORT predicts a nuclear 
localization for the two Arabidopsis ACLB gene products, whereas TARGET? predicts a 
mitochondrial localization. Neither program predicts a plastidic location for any of the 
ACLA or ACLB polypeptides. 
To directly determine the subcellular location of ACL, organelles were fractionated by 
differential centrifugation. This fractionation resulted in the isolation of two fractions that 
are enriched in chloroplasts, and mitochondria plus peroxisomes, plus the 12,000g 
supernatant fraction, which should contain the cytosol and the contents of broken organelles. 
The chloroplasts, mitochondria, and peroxisomes were further purified by Percoll-density 
gradient centrifugation. The integrity and purity of each fraction was ascertained by assaying 
each fraction with a series of organelle-specific marker enzymes (either assayed 
enzymatically or immunologically; Fig. 5). Specifically, NADP-dependent glyceraldehyde 
3-phosphate dehydrogenase (NADP-GAPDH), and the BCCP1 subunit of the chloroplastic 
acetyl-CoA carboxylase (Ke, et al., 1997) were used as markers for the chloroplasts; 
cytochrome C oxidase and the A subunit of methylcrotonyl-CoA carboxylase (MCC-A), a 
mitochondrial matrix protein (Baldet et al., 1992; Weaver et al., 1995), were used as markers 
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for the mitochondria; hydroxypyruvate reductase and catalase were used as markers for 
peroxisomes; and PEP carboxylase as the marker for the cytosol. 
As judged by the specific activities of each of the organelle-specific enzymes and the 
distribution of immunologically detected protein markers, the three Percoll-purified organelle 
fractions are highly enriched in chloroplasts, mitochondria, and peroxisomes (Fig. 5). The 
low level of PEP carboxylase activity in the mitochondrial and peroxisomal pellet indicates a 
low level of cytosolic contamination, and the Percoll-purified chloroplast, mitochondrion, 
and peroxisome fractions had no detectable cytosolic contamination (Fig. 5A). In addition, 
the Percoll-purified chloroplast fraction appears to be nearly-devoid of mitochondrial and 
peroxisomal contamination, based on the absence of cytochrome C oxidase and 
hydroxypyruvate reductase activities (Fig. 5A), and MCC-A (Fig. 5B) and the low level of 
catalase (Fig. 5B). Based on the recoveries of hydroxypyruvate reductase and cytochrome C 
oxidase activities, MCC-A, and catalase, the Percoll-purified peroxisomes and mitochondria 
are cross-contaminated, however, these fractions are free from chloroplastic contamination as 
judged by the absence of NADP-GAPDH activity (Fig. 5A) and BCCP1 (Fig. 5B). As 
expected, the 12,000g supernatant fraction contains the cytosol (as indicated by PEP 
carboxylase activity), as well as enzymes from broken chloroplasts, mitochondria and 
peroxisomes. 
The specific activity of ACL (Fig. 5A) and ACLA and ACLB subunits (Fig. 5B) among 
these subcellular fractions closely mirrors that of the cytosolic marker, PEP carboxylase. 
Namely, ACLA subunit, ACLB subunit, and ACL and PEP carboxylase activities are 
detected only in the crude extract and the 12,000g supernatant. ACL activity or ACLA and 
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ACLB subunits are undetectable in the Percoll-purified organelle fractions. These 
experimental data are consistent with the hypothesis that ACL is a cytosolic enzyme. 
A Complex Coordinated ACLA and ACLB mRNA Accumulation Pattern is Coincident 
with the Accumulation of the Cytosolic Acetyl-CoA Carboxylase mRNA. 
Insights into the potential functions of cytosolic acetyl-CoA generation can be obtained 
from evaluating the spatial and temporal pattern of pattern of ACL expression. Northern blot 
hybridizations were conducted to examine the temporal pattern of ACLA and ACLB mRNA 
accumulation in leaves, flower buds, and during silique development. Peak accumulation of 
these two mRNAs occurs at the youngest stages of silique development (1-2 days after 
flowering [DAF]) with a level of accumulation comparable to that in flower buds (Fig. 6). 
By about 4 DAF, when the siliques have ceased expanding, the accumulation of thq ACLA 
and ACLB mRNAs steadily declines, and by 8-9 DAF accumulation is about 5% of peak 
levels. Throughout this development, the accumulation patterns of ACLA and ACLB mRNAs 
are closely coordinated. 
In situ hybridizations reveal a far more complex pattern of ACL mRNA accumulation: the 
ACL mRNAs accumulate transiently in discrete cell types at specific developmental stages 
(Fig. 7). In expanding leaves, the ACLA (Fig. 7 A) and ACLB (Fig. 7E) mRNAs accumulate 
preferentially in trichomes and epidermal cells. In flower buds at stage 6 of development, the 
accumulation of these mRNAs is highly concentrated in tapetal cells (Fig. 7B, F). By stage 
10 of flower development accumulation is less discreet but is concentrated in the epidermal 
cells of growing petals and ovaries (Fig. 7C, G). In young siliques, when the embryos are 
approximately at the 4-cell stage (1 DAF), the ACLA and ACLB mRNAs are highly 
concentrated in the inner integument of the ovules (Fig. 7 D, H). The accumulation in the 
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inner integument is transient, and occurs just prior to testai deposition (Fig. 7D, M). In all 
analyses the ACLB mRNA accumulation pattern is indistinguishable from that of ACLA (Fig. 
7 A-H). In addition, this pattern of accumulation of ^ 4CL mRNAs is almost indistinguishable 
from that of the homomeric acetyl-CoA carboxylase mRNA (Fig. 7 I-L). The spatial 
distribution of the ACLA and ACLB mRNAs changes within the tissues of the silique during 
its development. Whereas these mRNAs are initially concentrated in the inner integument of 
the ovules at 1 DAF (Fig. 7D, H), they disappear from this tissue by 3 DAF and begin to 
accumulate within the developing embryo, which is now at the globular stage of development 
(Fig. 7M). At 5 DAF (Fig. 7N) and 7 DAF (Fig. 70), when the embryos are undergoing 
rapid growth and initiation of oil accumulation occurs (heart and torpedo stages), there is 
maximal accumulation of these mRNAs within the embryos. (Only the ACLA in situ 
hybridization data is shown for Fig. 7 M-AA; the ACLB data are virtually identical.) Later in 
silique development, at 9 DAF (Fig. 7P), when the embryos are reaching maturity, the 
accumulation of these two mRNAs decline, and they are no longer detectable in mature 
embryos 12 DAF (Fig. 7Q). 
Upon seed-germination, the accumulation of the two ACL mRNAs is induced, but their 
spatial distribution within the seedling is tissue-specific. At 2 days after imbibition, the ACL 
mRNAs are concentrated in the vascular bundles and the apical meristem (Fig. 7S, T), and 
the epidermis of the seedling cotyledon, stem and root (Fig. 7R, T, U). Most dramatic is the 
immense accumulation of these mRNAs in the root tip (Fig. 7V shows seedlings 4 days after 
imbibition). 
Tissues within a number of organs show a dramatic but transient accumulation of the 
ACL mRNAs. For example, within the anthers high levels of ACLA and ACLB mRNAs 
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accumulate for one day in the tapetal cells when the flower buds are at stage 10 of their 
development (cf., Fig. 7B vs. C). Another such example is the stigma, where the ACLA and 
ACLB mRNAs are highly abundant when the flower is at stage 12 of development (Fig. 7W) 
but decrease about a day later when the flowers open (Fig. 7X). 
Young vascular bundles of a number of organs accumulate high levels of the ACLA and 
ACLB mRNAs. These include expanding leaves (Fig. 7E), cotyledons (Fig. 7R), roots (Fig. 
7U, V), pedicel of flowers (Fig. IT), and the 2-DAF siliques (Fig. 7 A A). Finally, ACLA and 
ACLB mRNAs accumulate in discreet tissues of the flower receptacle, namely the nectaries 
and transiently in the newly forming abscission zones of petal and sepals in stage 12 flowers 
(Fig. 7Y). 
Organization and Structure of the Arabidopsis ACL Genes 
The three ACLA genes in the Arabidopsis genome are located on chromosome 1, and we 
label them ACLA-1, ACLA-2 and ACLA-3. These genes are positioned at approximately 3.5 
Mb, 21.6 Mb and 3.0 Mb, of the chromosome 1 sequence, respectively. The ACLA subunit 
that has been the focus of the characterizations presented herein, represents the product from 
the ACLA-1 locus. With the exception of the 5'- and 3'-untranslated regions (UTRs), the 
mRNAs predicted to be derived from the ACLA-2 and ACLA-3 loci share 89% and 73% 
sequence identity with the ACLA-1 mRNA, respectively. These similarities at the nucleotide 
sequence level correspond to 95% and 81% identities at the level of amino acid sequence. 
Because the 5'-UTRs of the ACLA-2 and ACLA-3 genes are as yet undefined, its not clear if 
the single intron present in the 5'-UTR region of the ACLA-1 gene is conserved among all the 
genes. The protein coding regions of the ACLA-2 and ACLA-3 genes are interrupted by 11 
introns, whereas in the ACLA-1 gene, 10 introns interrupt the protein coding region; the 
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terminal intron of the ACLA-2 and ACLA-3 genes is absent from the ACLA-1 gene. All 
introns within the ACLA-2 and ACLA-3 gene coding sequences are placed at identical 
positions relative to the amino acid sequences of the ACLA-2 and ACLA-3 proteins. This 
conservation of intron positions also extends to the 10 ACLA-1 introns. 
The two ACLB genes, ACLB-1 and ACLB-2, are located at position 2.0 Mb of 
chromosome 3 and 20.1 Mb of chromosome 5, respectively. The ACLB subunit that has 
been the focus of the characterizations herein is encoded by the ACLB-2 locus. The protein 
coding regions of these genes are interrupted by 15 and 14 introns, respectively. The first 14 
introns of the ACLB-2 gene are identically positioned in the ACLB-1 gene, relative to the 
amino acid sequence of the respective protein products. Because the 5'-UTR of th z ACLB-1 
gene is still undefined, its not clear if the intron located at the 5' end of the ACLB-2 gene is 
conserved in the ACLB-1 gene. The terminal intron in the ACLB-1 gene is absent from the 
ACLB-2 gene. Despite this difference, the protein-coding region of the mRNA predicted 
from the ACLB-1 locus shares 89% identity with the ACLB-2 mRNA. However, the 5'- and 
3'-UTRs of the two mRNAs are very divergent. The ACLB-1 and ACLB-2 proteins are 97% 
identical. 
Phylogenetic Distribution and Structure of ACL Genes 
ACL genes are present in a range of eukaryotes, including molds, fungi, plants, protists, 
and animals, as well as one prokaryote, a green sulfur bacterium (Fig. 8; additional sequences 
are presented in http://www.molebio.iastate.edu/~mash/alignment.html). Mammalian ACL 
is a homotetramer with a subunit of about 1100 amino acids (Elshourbagy et al., 1990, 1992). 
We deduce from sequenced genomes that ACL also has a homomeric structure in a primitive 
chordate (Ciona intestinalis), Drosophila, and Caenorhabditis elegans. In contrast, plant 
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ACL, typified by the Arabidopsis enzyme, is heteromeric, consisting of ACLA and ACLB 
subunits. Based upon sequence similarities to genomic and EST sequences, ACL from 
monocot and dicot angiosperms, a Bryopsida, the liverwort, Marchantia, and the green alga, 
Chlorella, vulgaris have a heteromeric structure similar to that of Arabidopsis. 
Photosynthetic protists, including Chlamydomonas and the Glaucophyte, Cyanophora 
paradoxa, have a similar heteromeric structure. Ascomycota, including the yeast, 
Schizosaccharomyces pombe, and the filamentous fungi, Sordaria macrospora, contain 
ACLA and ACLB genes (Nowrousian et al., 2000). However, our search of GeneBank for 
orthologs of the ACLA and ACLB polypeptides indicates that S. cerevisiae does not contain 
these genes, consistent with the absence of ACL activity in this species (Kohlhaw and Tan-
Wilson, 1977). Indeed, S. cerevisiae generates acetyl-CoA for fatty acid synthesis via acetyl-
CoA synthetase (van den Berg et al, 1996). To date only a single prokaryotic ACL-like 
sequence has been reported, from the photosynthetic green sulfur bacterium Chlorobium 
limicola (Kanao et al., 2001). As with plants, algae, and fungi, C. limicola has separate 
ACLA and ACLB subunits. 
Alignment of ACL sequences reveals a high degree of similarity among the proteins from 
different organisms. With the exception of several discreet regions of the ACL polypeptides, 
this sequence conservation is evenly distributed throughout the sequence of these proteins. 
The most notable exception is the ~60-aa "spacer"-region in animal ACL (residues 427-486 
of the human ACL), which corresponds to the segment between the Arabidopsis ACLA and 
ACLB sequences, and is absent from Arabidopsis and other heteromeric ACLs. This spacer-
segment is highly divergent, but still recognizable as a homologue, among the animal ACLs. 
Another notable divergence among these sequences is the insertion of 30 to 35 residues in the 
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middle of the ACLA proteins of Sordaria macrospora, S. pombe (shown in Fig. 8), 
Aspergillus nidulans, Pneumocystis carinii, and Chlorella. The C. elegans ACL contains a 
10-residue insertion at this position relative to other ACL proteins (Fig. 8). Finally, the N-
termini of the Sordaria macrospora and S. pombe ACLA proteins extend past other ACL 
proteins, and these extensions are highly divergent from each other (Fig 8 and 
http://www.molebio.iastate.edu/~mash/alignment.html). Interestingly, the N-terminus of the 
ACLB protein of Sordaria macrospora is also extended relative to the other ACLB proteins, 
and this extension has a low similarity to the spacer region in the animal ACL. 
Domains within the ACLA and ACLB subunits share significant sequence similarity with 
the a and |3 subunits of succinyl-CoA synthetase (SCS), and a domain of citrate synthase 
(CS) (Fig. 8). For example, the N-terminal half of the Arabidopsis ACLA protein shares 
26% sequence identity with the (3 subunit of Arabidopsis SCS. The N- and C-terminal 
domains of Arabidopsis ACLB exhibit 26% and 30% sequence identity with the a subunit of 
SCS and a 155-residue domain of CS, respectively. 
The Arabidopsis ACLB domain homologous to CS contains the CS-signature motif. This 
motif includes the sequence, -GIGHRIK- (residues 485 to 491), which encompasses the CS 
active site His residue (His488), and additional residues (His413, Arg499, Asp539, Arg578, 
Arg598 in ACLB-2) that are essential for activity and binding of oxaloacetate by CS 
(Karpusas et al., 1990). With the exception of C. intestinalis ACL, which doesn't have the 
His residue corresponding to His413 of Arabidopsis, all these residues are absolutely 
conserved among all ACLs. 
The phylogenetic trees shown in Figure 9 are based upon the sequence similarities 
between the SCS and CS homologous domains of ACL. All ACLs partition on separate 
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branches from those that contain the a and (3 subunits of SCS, and CS. Of the ACL 
sequences available, the C. limicola ACLA and ACLB show the highest conservation with 
SCS and CS. Arabidopsis ACLA-1 and ACLA-3 as well as ACLB-1 and B2 appear to have 
duplicated recently, however ACLA-2 and ACLA-1/A3 may have diverged earlier, but prior 
to the time of the division between monocotyledon and eudicot lineages. 
Discussion 
The occurrence of ACL in plants was suggested over 30 years ago by the detection of its 
enzymatic activity in plant extracts (Mattoo and Modi, 1970; Nelson and Rinne, 1975, 1977). 
More recently, EST cDNA clones that share sequence similarity with the animal ACL have 
further supported this supposition (Wurtele et al., 1998; Suh et al., 2001). The data presented 
herein formally establishes the occurrence of ACL in plants. Our characterization of the 
Arabidopsis ACL implicate ACL in plants as part of the "citrate-shuttle", a mechanism for 
moving a portion of the mitochondrial pool of acetyl-CoA to the cytosol. In vertebrates , this 
shuttle generates the acetyl-CoA precursor needed for both lipogenesis and cholesterogenesis 
(Stryer, 1988). 
In plant cells the cytosolic pool of acetyl-CoA is required to support the biosynthesis of a 
wide range of biomolecules that are important for the growth, development, and protection of 
plants (Fig. 1). These biomolecules include: oils containing very long chain fatty acids; 
waxes (Pollard and Stumpf, 1980; Bao et al., 1998); flavonoids and stilbenoids (Hrazdina et 
al., 1978; Preisig-Muller et al., 1997); malonic acid (Stumpf and Burris, 1981); isoprenoids 
such as essential oils, sterols, sesquiterpenes, and polyprenols (Demetzos et al., 1994; 
Menhard and Zenk, 1999; Eisenreich et al., 2001); some of the cellular cysteine (Rotte and 
Leustek, 2000; Dominguez-Solis et al., 2001); a subset of the glucosinolates (Graser et al., 
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2000); malonyl-derivatives including D-amino acids, 1 -aminocyclopropane carboxylic acid 
(the precursor of ethylene), xenobiotics such as pesticides (Hohl and Barz, 1995); and, in 
transgenic plants, bioplastics based on derivatives of poly-hydroxybutyrate (Poirier, 2001). 
The data presented herein indicate that in plants, as typified by Arabidopsis, ACL is 
cytosolic, and as such would contribute to the generation of the cytosolic pool of acetyl-CoA. 
This is in agreement with Kaethner and ap Rees (1985). Whether ACL is the sole source of 
the cytosolic acetyl-CoA pool is still to be determined. For example, carnitine 
acyltransferase activities have been reported in both mitochondrial and plastidic membranes, 
and it has been speculated that they may function to transport acetyl-CoA or other acyl-CoAs 
across these organellar membranes (Wood et al., 1983; Burgess and Thomas, 1986; 
Masterson et al., 1990; Schwabedissen-Gerbling and Gerhardt, 1995; Masterson and Wood, 
2000). Most of these studies were undertaken with the goal of determining whether the 
mitochondrial acetyl-CoA pool can be translocated to the chloroplast as acetylcamitine, 
rather than to establish the export of acetyl-CoA from mitochondria into the cytosol. 
Furthermore, Roughan et al. (1993) question whether carnitine acetyltransferases exist in 
plants. In addition, TBLASTN searches of the Arabidopsis genome sequence fail to identify 
any carnitine acyltransferase-like genes. However, the Arabidopsis genome does contains 
two genes (Atlg79900 and At5g46800) whose products share sequence similarity with 
carnitine acyltranslocases, a protein that would be required to shuttle acyl carnitines across 
membranes. The products of these two genes are predicted by PSORT to be possibly 
peroxisomal and by TARGETP to not be in plastids or mitochondria. Thus to date, ACL 
appears to be the only substantiated mechanism for generating the cytosolic pool of acetyl-
CoA in plant cells. Further indication that the ACL-derived acetyl-CoA pool is critical to 
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plants is derived from the analysis of transgenic plants that have reduced ACL accumulation 
due to the expression of an ACLA antisense RNA; such plants show aberrant growth and 
development (Fatland et al., 2000; and manuscript in preparation). 
The two subunits of plant ACL, ACLA and ACLB, co-fractionate with ACL activity 
during purification, indicating that they are in a complex, held together by strong non-
covalent interactions. Because the Arabidopsis ACL holoprotein is about 500 kD and 
because the ACLA (45 kD) and ACLB (65 kD) subunits correspond to the N-terminal and C-
terminal portions, respectively, of the animal ACL, which is a homotetramer, we suggest that 
the plant ACL is a heterooctomer, with an A4B4 configuration. 
Our findings contrast with those of Rangasamy and Ratledge (2000) who identified a 
plant ACL based on immuno-crossreaction with rat ACL antibodies. They postulated that 
ACL is plastidic, and composed of subunits in the range of 100 to 120 kD. The difference 
between the two studies could be explained by the presence of two forms of ACL in plants: a 
cytosolic isozyme, characterized in this manuscript, and a plastidic isozyme, reported by 
Rangasamy and Ratledge (2000) and postulated to be important for acetyl-CoA-generation 
for synthesis of fatty acids destined for seed oil (Ratledge et al., 1997). However, the 
Arabidopsis genome does not contain any plastid-targeted ACL-like genes, or ACL-like 
genes coding for 100 to 120 kD proteins, and furthermore, ACL activity consistently co-
fractionated with the ACLA (45 kD) and ACLB (65 kD) polypeptides, indicating that a 
distinct, plastidic, form of ACL probably does not exist. 
The intricate spatial and temporal patterns of ACLA and ACLB mRNA accumulation are 
indistinguishable from each other throughout the development of siliques, flowers, and 
seedlings, indicating a coordinate regulation of the accumulation of these two mRNAs. The 
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dynamic changes in distribution of the ACL mRNAs probably reflect changes in the 
metabolic demands for cytosolic acetyl-CoA. Indeed, the pattern of ACLA and ACLB 
accumulation is nearly indistinguishable from that of cytosolic ACCase mRNA, but is 
diverse from that of the plastidic ACCase, pyruvate dehydrogenase and acetyl-CoA 
synthetase mRNAs (Choi et al., 1995; Ke, 1997; Ke et al., 2000a; Ke et al., 2000b). These 
results are consistent with the supposition that ACL generates a cytosolic pool of acetyl-CoA, 
which can be carboxylated by the cytosolic ACCase to form malonyl-CoA in the cytosol. 
ACL mRNAs accumulate in distinct cell types at specific times in development when 
phytochemicals requiring cytosolic acetyl-CoA are being rapidly synthesized. For example, 
the peak in accumulation of the ACL mRNAs in developing embryos occurs at 7 DAF (i.e., 
the curled cotyledon stage) slightly preceding the maximal rate of oil accumulation in the 
embryo (Bowman, 1994). Arabidopsis seed oil contains gadoleic acid (C20) and erucic acid 
(C22) (James and Dooner, 1991), which are synthesized by the elongation of plastid-exported 
oleic acid (CI8) using cytosol-derived malonyl-CoA (Pollard and Stumpf, 1980; Bao et al., 
1998). Hence, we surmise that this peak in ACL mRNA accumulation (which also coincides 
with peak cytosolic ACCase expression) is for expanding the supply of cytosolic acetyl-CoA 
to support the biosynthesis of gadoleic and erucic acids. 
Likewise, ACL mRNAs (and cytosolic ACCase mRNA) accumulate preferentially in the 
epidermal cells of many organs (leaves, ovaries, petals, sepals, seedling roots, and 
cotyledons) at a stage of development when cuticular wax and/or flavonoid synthesis is 
occurring; cytosolic acetyl-CoA is carboxylated by cytosolic ACCase and used either by fatty 
acid elongases (to produce cuticular wax components), or by chalcone synthase (to produce 
flavonoids). 
In addition, the ACL mRNAs (and cytosolic ACCase mRNA) accumulate in the cells of 
the inner integument of the developing seed immediately prior to deposition of the testa by 
this cell layer, and may reflect requirements for cytosolic acetyl-CoA and malonyl-CoA for 
the biosynthesis of testai phlobaphens, a proanthocyanin-derived polymer (Stafford, 1995). 
Similarly, the transient accumulation of ACL and cytosolic ACCase mRNAs in tapetal cells 
coincident with microsporogenesis may provide for the biosynthesis of elongated fatty acids 
required for the deposition of the sporopollenin on the pollen by the tapetal cells. 
Other studies indicate that ACL expression responds to environmental stresses. In sweet 
potato, ACL activity increases coincident with the synthesis of the acetyl-CoA-derived 
sesquiterpene phytopathogen, ipomeamarone (Takeuchi et al., 1981). In transgenic maize 
cells, an^CZ-like mRNA is one of many mRNAs induced by ectopic expression of the 
transcription factors Cl/R and P, which induce flavonoid synthesis (Bruce et al., 2000). 
Fungal infection of Capiscum induces the accumulation of an ACLB homolog (Suh et al., 
2001), possibly associated with the production of the sesquiterpene phytoalexin, capsidiol 
(Back et al., 1998). 
ACL catalyzes the reverse of the CS-catalyzed reaction, and is a member of a thiokinase 
superfamily, along with SCS, acetyl-CoA synthetase and malate thiokinase (Sanchez et al., 
2000). This functional similarity is translated to conservation in the primary structure of 
these proteins. The thiokinase superfamily of enzymes catalyzes the transfer of a Co A group 
to or from an organic acid, using a nucleotide triphosphate and a divalent cation as co-
substrates. SCS, like ACL, catalyzes the phosphorylation of an acyl substrate, and the 
subsequent attack of CoA on the resultant acyl phosphate results in the formation of acyl-
CoA (Elshourbagy et al., 1992). Hence, these enzymes share conserved ATP- and CoA-
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binding domains. Likewise, the oxaloacetate-binding motif and the active site motif of CS 
are conserved in the ACL sequences. 
Perhaps the most notable feature of the phylogenetic distribution of ACL is its absence 
from many prokaryotic organisms. Of the 57 eubacteria and 13 archaea whose genomes 
have been completely sequenced (as of 3/2002), only C. limicola (Kanao et al., 2001) has 
genes identifiable as ACL. C. limicola is a representative of an ancient photosynthetic 
bacterial group and contains the reductive tricarboxylic acid cycle (Fuchs et al., 1980; 
Ivanovsky et al., 1980; Kanao et al, 2001; Wahlund and Tabita, 1997). The reductive 
tricarboxylic acid cycle can be envisioned as the TCA cycle operating in reverse direction, 
and is thus a mechanism for CO2 fixation. In this cycle, ACL functions to harvest the fixed 
carbon as acetyl-CoA, and regenerate the oxaloacetate required to continue the cycle (Evans 
et al, 1966; Beh et al., 1993). The reductive tricarboxylic acid cycle and ACL activity have 
been reported in a phylogenetically diverse group of extremophiles, including anaerobically 
grown Desulfobacter (Schauder et al., 1987), the thermophilic bacteria, Hydrogenobacter 
and Aquifex (Shiba et al, 1985; Beh et al, 1993; Suzuki et al., 2001), and the thermophilic 
archaeon Thermoproteus neutrophils (Beh et al, 1993). Except for C. limicola, no ACL 
sequences are yet available from these organisms. Thus, the metabolic positioning of ACL 
may have changed during the course of evolution. Initially, ACL served to make carbon fixed 
from C02 available for general metabolism. As the atmosphere became oxygen-rich and 
organisms developed respiratory capabilities, ACL assumed the function of tapping into the 
TCA cycle for carbon derived from catabolic reactions. 
Based upon sequence conservation between ACL and SCS subunits, as well as sequence 
conservation between ACL and CS, ACL may have arisen from the evolutionary fusion and 
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subsequent adaptation of domains from SCS and CS (Sanchez et al., 2000). The ancestral 
ACLA protein appears to have arisen via the divergence of the SCS (3 subunit (Fig. 9A, D). 
Because all ACLA sequences are similar to each other throughout their entire sequences, 
these proteins probably share this common evolutionary origin. Likewise, ACLB proteins 
may have a common origin via the fusion and divergence of CS and the SCS a subunit (Fig. 
9B-D). The intermediate character of ACLA and ACLB manifested in the positioning of 
Chlorobium between the major branches of ACL and SCS/CS leads us to surmise that the 
Chlorobium ACLA and ACLB proteins are evolutionary closest to the ancestral ACL. 
Furthermore, based on the fact that ACL genes occur in both eukaryotes and the prokaryote, 
Chlorobium, these ancestral events probably occurred prior to the evolution of eukaryotes. 
The heteromeric ACL structure (i.e., ACLA and ACLB subunits) occurs in Chlorobium, 
fungi, protists and plants, but in animals ACL has a homomeric structure, indicating that the 
homomeric ACL probably represents the derived condition (Fig. 9D). Because all known 
animal ACLs are homomeric, such an ACL A/ACLB fusion must have occurred early in the 
evolution of this kingdom. This is consistent with the considerable divergence among the 
animal ACL "spacer" sequences, particularly between the vertebrates and other animal 
lineages. This divergence also implies that little selective pressure exists for the conservation 
of the "spacer", thus it may have little functional importance. The possible evolutionary 
significance of the similarity between the extended N-terminus of the ACLB protein of 
Sordaria macrospora and the animal spacer region remains an unresolved and interesting 
question. 
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Methods 
Materials 
Arabidopsis thaliana (L.) Heynh (Columbia) was grown under constant illumination as 
described by Ke et al. (1997), except for seedlings for in situ hybridization, which were 
grown sterilely on moist filter paper in Petri plates at 25 °C, under constant illumination. 
Other materials collected included: leaves between 1/3 to 2/3 of final size from 17 day-old 
plants ("expanding leaves"); flower buds staged according to Bowman (1994); siliques at 
different stages of development (Ke et al., 2000a; Ke et al., 2000b); and inflorescence stems 
of 4 week old plants. 
Pisum sativum (L.) seeds were planted in a sterile mixture of 30% (v/v) black soil, 30% 
(v/v) peat moss, and 40% (v/v) Perlite in a 50- x 30- x 6-cm flats; plants were grown in a 
greenhouse at 22°C to 25°C under a cycle of 16 h of illumination and 8 h of darkness and 
fertilized weekly with a solution of 20:10:20 (N:P:K) fertilizer. 
EST cDNA clones, TASG097 (GenBank Accession #Z 18045), VBVYC01 (GenBank 
Accession #Z 18045 and #Z25661), and 60C1T7 (GenBank Accession #T 14234) were 
obtained from the Arabidopsis Biological Resource Center (Columbus, Ohio). 
In Situ Hybridization 
In situ hybridization was carried out as described previously (John et al., 1992; Wang et 
al., 1995; Ke et al., 1997, Ke et al., 2000a; Ke et al., 2000b). Both sense and antisense ^S-
labeled RNA probes were transcribed from the ACLA-1, ACLB-2-partial, and a Sall-Notl 
subclone of 60C1T7 (ACC1) cDNAs (Ke, 1997). In situ hybridizations were repeated three 
times using two sets of plant materials that had been independently processed, and they all 
gave similar results. For all hybridizations, successive sections were hybridized in parallel 
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with sense (negative-control) and antisense RNA probes. In all instances, sense RNA 
controls showed no or negligible hybridization. 
Isolation and Manipulation of Nucleic Acids 
Standard procedures were used for manipulation of nucleic acids (Sambrook et al., 1989). 
Both strands of all DNA fragments were sequenced. RNA was isolated by a phenol/SDS 
method (Ke et al., 2000a; Ke et al., 2000b). ^P-labeled RNAs transcribed from the ACLA-1 
and A CZS-2-partial cDNA clones were used for hybridization probes (Ke et al, 2000a). The 
radioactivity was quantified with a Storm 840 Phosphorimager (Molecular Dynamics). 
Protein Expression and Generation of Antisera 
Recombinant proteins from ACLA-1 (His and S-tagged ) and AŒS-2-partial (non-
tagged) were produced in E. coli using the pET30 and pET17 expression systems, 
respectively (Novagen, Madison, WI). Recombinant proteins were recovered in inclusion 
bodies, purified by preparative SDS-PAGE and each was used to generate antiserum (Ke et 
al, 1997). 
Immunological Analysis of Proteins 
Protein extracts were subjected to electrophoresis in denaturing (Laemmli, 1970) or non-
denaturing conditions (Hedrick and Smith, 1968; Lambin and Fine, 1979). ACLA-1 and 
ACLB-2 antiserum were used at a 1:500 dilution for immunodetection of proteins (Ke et al, 
1997). Biotin-containing polypeptides were detected by 125I-streptavidin (Nikolau et al., 
1985). 
Expression of Arabidopsis ACL Polypeptides in Saccharomyces cerevisiae 
The isolated full-length cDNAs of ACLA-1 and ACLB-2 were subcloned into yeast 
expression vectors pYX042, pYX012, respectively, and used to generate yeast strains 
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carrying the integrated TPI-ACLA-1 or TPI-ACLB-2 transgenes. Recombinant yeast strains 
were cultured under conditions to express the respective proteins (Sherman, 1991). Cell 
pellets were frozen in aliquots in liquid nitrogen. For each ACL assay, 50 to 100 (J.L of pellet 
was thawed on ice, resuspended in 100 |uL of Extraction Buffer (50 mM Tris-HCl, 1 mM 
EDTA, 10 mM dithiothreitol [DTT], 1.5% [w/v] pre-swollen PVPP, 1 mM PMSF, and 1 mM 
p-aminobenzamidine, pH 8.0), and homogenized for 30 seconds in an Eppendorf tube. The 
slurry was frozen in liquid nitrogen and then pulverized until finely ground, thawed, and 
centrifuged at 12,000 g for 5 minutes at 4 °C. The resulting supernatant was desalted through 
Sephadex G-50 columns (100 pL extract 0.5 ml"1 bed volume) using an Elution Buffer (50 
mM NaH2P04, 1 mM MgClz, 0.1 mM EDTA, and 1 mM DTT, pH 7.2). Each desalted 
extract was adjusted to 10% (v/v) glycerol, centrifuged, and assayed immediately for ACL 
activity. 
Spectrophotometry Assay of ACL Activity 
ACL activity was determined with a spectrophotometric assay, similar to that of Kaethner 
and ap Rees (1985). The assay detects the ACL-catalyzed generation of oxaloacetate, by 
coupling its appearance to the oxidation of NADH catalyzed by malate dehydrogenase. The 
oxidation of NADH was monitored by the change in A340, and ACL activity was calculated 
using the extinction coefficient of NADH (6.22 mM"1 cm"1). Plant extracts not immediately 
assayed for ACL activity were desalted by passage through Sephadex G-25 (to reduce 
NADH oxidation in the absence of CoA.), adjusted to 10% (v/v) glycerol, and stored frozen 
in liquid nitrogen. Storage in 10% (v/v) glycerol at 4°C or storage without glycerol in liquid 
nitrogen resulted in a loss of about two-thirds of the original activity in 7 d. Storage at 4°C 
without glycerol results in nearly a complete loss of activity in 4 d. The ACL assay is 
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dependent on the ratio of ATP:citrate/Mg2+, presumably because both ATP and citrate 
chelate Mg2+, and Mg2+:ATP is the actual substrate. Km for citrate is 1.7 mM; Km for ATP it 
is 1.6 mM. The optimized ACL assay was conducted in a total volume of 0.5 to 1-ml, 
containing 30-250 (0.1 of extract, 200 mM Tris-HCl, pH 8.4, 20 mM MgClz, 1 mM DTT, 10 
mM ATP, 10 mM citrate, 0.2 mM coenzyme A, 6 units malate dehydrogenase, and 0.1 mM 
NADH. ACL activity is unaffected by up to 600 mM NaCl. NADH oxidation was 
determined in the absence of CoA, and the ACL reaction was initiated by addition of CoA. 
Enzyme Assays 
Cytochrome c oxidase was assayed according to Anderson and Roberts (1998), 
hydroxypyruvate reductase was assayed according to Schwitzguebel and Siegenthaler (1984), 
NADP-glyceraldehyde-3-phosphate dehydrogenase and PEP carboxylase were assayed 
according to Kaethner and ap Rees (1985). 
Extraction of Plant Proteins 
Proteins extracts were prepared and desalted using Sephadex G-25 columns with Elution 
Buffer and adjusted to 10% (v/v) glycerol (Wurtele et al., 1985). 
Chromatography 
Gel filtration and ion exchange chromatography was conducted with a Beckman Biosys 
510 chromatography system. For gel filtration chromatography a Superdex 200 HR 30/10 
column (Pharmacia) was loaded with 0.25 ml of enzyme extract, eluted at a flow rate of 0.25 
ml min"1 with 50 mM NaHzPC^, pH 7.2, 0.1 mM EDTA, ImM MgClz, 1 mM DTT, 100 mM 
NaCl, 10 % (v/v) glycerol; 0.25-ml fractions were collected. Three fraction profiles were 
collected and pooled. A portion of each pooled fraction was assayed for ACL activity and 
the remainder was subjected to SDS-PAGE and immunoblot analysis. 
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Ion exchange chromatography was conducted with a Mono Q HR 5/5 anion exchange 
column (Pharmacia), equilibrated with 20 mM HEPES-NaOH, pH 7.5, 1 mM MgClo, 1 mM 
DTT, 10 % (v/v) glycerol, and operated at a flow rate of 0.5 ml min"1. The column was 
eluted with a 10-ml, 0-0.35 M NaCl concentration gradient, followed by a 5-ml, 0.35-1.0 M 
NaCl concentration gradient. Eluant was monitored with a conductivity detector. One-
milliliter fractions were collected, the A280 determined, and aliquots were subjected to SDS-
PAGE and immunoblot analysis, and assayed for ACL activity. 
Subcellular Fractionation 
Organelles were isolated from 10 to 11 day-old pea shoots using a Percoll gradient-based 
procedure (Anderson et al., 1998). Seedlings were placed in darkness late in the afternoon of 
the day prior to the isolation, to ensure depletion of starch. Chilled plant material (50 g) was 
homogenized using a mortar and pestle with 100 mL of 0.33 M sorbitol, 10 mM NaPzO?, 5 
mM MgClz, 2 mM ascorbate, pH 6.5, and filtered through four layers of cheesecloth. The 
filtrate was centrifuged at 1,500 g for 3 min. Each 1,500 g pellet was resuspended in 2 ml 
resuspension Buffer (0.33 M sorbitol, 2 mM EDTA, 1 mM MgClz, 1 mM MnClz, 50 mM 
HEPES, pH 7.6, to yield a crude chloroplast fraction. Chloroplasts were further purified on 
discontinuous Percoll gradients. Three milliliters of the crude chloroplast fraction was 
dispensed in each of two 15-ml Corex tubes, each containing 3 mL 70% (v/v) Percoll and 6 
mL 40% (v/v) Percoll in resuspension buffer, and centrifuged at 2,500 g for 12 min. Intact 
chloroplasts formed a band at the Percoll concentration interface. Intact chloroplasts were 
washed twice in resuspension buffer with centrifugation at 1,500 g for 3 min, and 
resuspended in 2 ml resuspension buffer to yield the Percoll-purified chloroplasts. 
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The 1,500 g-supernatant was centrifuged at 12,000 g for 10 min and the resulting pellet 
was resuspended in 1 ml resuspension buffer yielding a mitochondria plus peroxisome 
fraction. Mitochondria and peroxisomes were further purified by Percoll density gradient as 
detailed by Anderson et al. (1998). The 12,000 g supernatant was also retained and analyzed. 
Fractions were assayed for ACL activity and activities of organelle marker enzymes. For 
ACL assays, samples were sonicated 20 sec ml"1 at 60% output power, and desalted by 
Sephadex G-25 with 50 mM NaHzPC^, 1 mM MgCl?, 0.1 mM EDTA, and 1 mM DTT, pH 
7.2 and 10% (v/v) glycerol. ACL activity was not assayed in the purified mitochondria and 
peroxisomes. Samples were also subjected to SDS-PAGE and immunoblot analysis with 
anti-catalase (Kunce et al., 1988), anti-ACLA, anti-ACLB, and streptavidin (Nikolau et al., 
1985). Assays and blots were repeated twice with similar results. 
Sequence Analysis 
The sequences for phylogenetic analysis were obtained from GenBank database, 
containing both amino acid sequences determined from ESTs, overlapping EST fragments, 
and putative sequences inferred from DNA 
(http://www.molebio.iastate.edu/~mash.alignment.html). Amino acid sequences were 
aligned with ClustalW (Thompson et al., 1994) in BioEdit package (Hall, 1999). 
Phylogenetic trees were constructed from aligned sequences using maximum likelihood and 
parsimony with 100 bootstrap resampling methods of the PHYLIP 3.573 software package 
(Felsenstein, 1989). The domains used for the comparisons are: ACLA compared to SCS-
beta (residues 257-364 in Arabidopsis ACLA). B, ACLB compared to SCS-alpha (residues 
187-284 in Arabidopsis ACLB); ACLB compared to CS (residues 419-575 in Arabidopsis 
ACLB) (see Figure 8 to identify location of the domains). 
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Figure legends 
Figure 1. Subcellular compartmentation of acetyl-CoA metabolism in plants. 
Because acetyl-CoA is impermeable to membranes, it is envisioned that it is generated 
independently in each compartment where it is required (cytosol, mitochondria, plastids, and 
peroxisomes). Cytosolic ATP-citrate lyase (ACL) is depicted together with a postulated 
citrate-cycle that would provide citrate from the mitochondria (red). In the cytosol, acetyl-
CoA can be carboxylated by acetyl-CoA carboxylase (cyACCase) to form malonyl-CoA; 
alternately, two molecules of acetyl-CoA can undergo condensation to form the isoprenoid-
precursor acetoacetyl-CoA. Both these intermediates can give rise to a wide variety of 
metabolites. Plastidic pyruvate dehydrogenase complex (ptPDC) and acetyl-CoA synthetase 
(ACS) contribute to plastidic acetyl-CoA, which can be carboxylated by acetyl-CoA 
carboxylase (ptACCase) and hence converted to fatty acids. In the peroxisomes, acetyl-CoA 
is generated during the (3-oxidation of fatty acids. 
Figure 2. Immunological characterization of the Arabidopsis ACL subunits. 
Western blot analysis of protein extracts from Arabidopsis siliques, probed with anti-
ACLA-1 or anti-ACLB-2 sera. These antisera react with 45-kD and 65-kD polypeptides, 
respectively. 
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Figure 3. Plant ACL is composed of two subunits. 
Arabidopsis cDNAs ACLA-1 and ACLB-2 were cloned into the yeast expression vectors, 
pYX042 and pYX012, immediately down-stream of the TPI promoter. The resulting 
transgenes were integrated either individually or in combination at the leu2 and ura3 loci of 
S. cerevisiae strain aD273. A, Western blot of yeast proteins reacted with anti-ACLA-1 
serum. B, Western blot of yeast proteins reacted with anti- ACLB-2 serum. C, ACL activity 
in extracts from parental strain aD273 and its derivatives that carry the indicated transgenes. 
The data represents the mean and standard deviation of three separate extractions. Only the 
S. cerevisiae strain that carries and expresses both transgenes has ACL activity. 
Figure 4. Arabidopsis ACL is a heteromeric complex. 
Protein extract from Arabidopsis siliques was subjected to gel filtration chromatography 
on a Superdex 200 column. Individual fractions were collected and assayed for: A, ACL 
activity, which elutes at a volume corresponding to a molecular weight of 500 kD; B, SDS-
PAGE/western blots:ACLA subunit (top panel) and ACLB subunit (lower panel). ACL 
activity elution profile corresponds closely to the elution profile of the ACLA and ACLB 
subunits. C, Arabidopsis seedling extract (100 pg of protein), fractionated by non-denaturing 
gel electrophoresis and subjected to western blot analysis. Blots were probed for ACLA (left 
panel) or ACLB (right panel). Consistent with ACLA and ACLB being organized in a 
protein complex, the ACLA and ACLB subunits migrate to the same position on the native 
gel. 
Figure 5. ACL is a cytosolic enzyme. 
Chloroplasts, mitochondria, and peroxisomes were purified from pea seedling extract by 
a combination of differential centri(ligation and Percoll density gradient centrifugation. The 
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specific activities of ATP-citrate lyase (ACL), NADP-dependent glyceraldehyde 3-phosphate 
dehydrogenase (NADP-GAPDH), cytochrome C oxidase (CytCOX), hydroxypyruvate 
reductase (HPR), and phosphoenolpyruvate carboxylase (PEPCase) were determined (A). 
Aliquots from each fraction, containing 50 (ig of protein, were subjected to western blot 
analysis for immunological detection of ACLA, ACLB, BCCP1 subunit of the chloroplastic 
acetyl-CoA carboxylase, MCC-A subunit of methylcrotonyl-CoA carboxylase (MCC-A), and 
catalase (B). 
Figure 6. Temporal changes in accumulation of ACLA and ACLB mRNAs in 
Arabidopsis. 
RNA (20 [xg/lane) was hybridized with ,4CL4-/ and ACL -B2 32P-labeled antisense RNA 
probes. RNA was isolated from expanding leaves (L), flower buds (B), flowers (F) and 
developing siliques at the indicated days after flowering. The data presented in this figure 
were gathered from a single experiment; near identical data were obtained in two replicates. 
Figure 7. Spatial distribution of ACLA and ACLB mRNAs in Arabidopsis. 
Histological tissue sections were hybridized with antisense or sense (control) ACLA-1, 
ACLB-2, or ACC1,35S-labeled RNA probes. Slides are stained with Toluidine Blue to 
visualize the tissue. Black spots are silver grains reflecting the location of ACLA, ACLB or 
ACC1 mRNAs. Sense controls, which were conducted for each type of section, had 
negligible background (not shown). Hybridizations were repeated three times with similar 
results. ACLA, ACLB and ACC1 mRNAs co-accumulate in particular cell types during 
development. Accumulation is high in the epidermis and trichomes of expanding leaves (A, 
E, I), the tapetal cells of anthers of stage 10 flowers (B, F, J), epidermal cells of growing 
organs (petals and ovaries) of flowers stage 11 (C, G, K), and inner integuments of ovules the 
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day preceding testai (seed coat) deposition (D, H, L). Hybridization to ACLA mRNA only is 
shown in M-AA, results with ACLB and ACC1 are similar. Ovules of siliques at 3 DAF (M), 
5 DAF (N), 7 DAF (O); 9 DAF (P); 12 DAF (Q). Seedlings 1 day after imbibition (R), 2 days 
after imbibition (S, T), 3 days after imbibition (U), 4 days after imbibition (V). Ovary of 
flower stage 12 (W), stage 13 (X); nectaries and abscission zones of petal and sepals of 
flower stage 12 (Y). Pedicel of flower stage 13 (Z). Upper third of silique 2 DAF (AA). a = 
anther; ap = apical meristem; ce = curled embryo; cot = cotyledon; f = filament; ge = 
globular embryo; he = heart embryo; ii = inner integument of ovule; 1 = leaf; me = mature 
embryo; n = nectary; o = ovule; oi = outer integument of ovule; ov = ovary; p = petal; pa = 
petal abscission zone; r = receptacle; ro = root; rtp = root tip; sa = sepal abscission zone; sp = 
sepal; stg = stigma; t = tapetum; te = torpedo embryo; tri = trichome; vb = vascular bundle; w 
= silique wall; Bars = 50 pm in A-O, Q, T-W, Y-AA;150 pm in P, R, X; 25 |im in S. 
Figure 8. Comparisons of the primary structure of ACL. 
Comparisons of the amino acid sequences of the Arabidopsis ACLA and ACLB proteins 
with ACL, SCS, and CS from other organisms used ClustalW (Thompson et al., 1994). The 
degree of similarity in sequences is color-coded as follows: similar residues: green; identical 
residues: salmon. Conserved motifs include the ACL-SCS family signature 3 (PROSITE 
accession # PS01217) (residues 270-294 of Arabidopsis ACLA); the ACL-SCS family active 
site with His phosphorylated by ATP (black arrow) (PROSITE accession # PS00399) 
(residues 259-275 of Arabidopsis ACLB); the glycine-rich ACL-SCS family signature 1 
(PROSITE accession # PS01216) (residues 174-203 of Arabidopsis ACLB). These motifs 
partially encompass the putative ATP-binding site (red bar), and a potential CoA-binding site 
(blue bar). Other conserved residues across ACL and SCS are Lys 3, Lys 58, Glu 116, Asp 
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213 of Arabidopsis ACLA, conserved in the ATP-grasp domains (Fraser et al, 1999; Sanchez 
et al, 2000), and Gin 24, Pro 46, Ala 86, Arg 175, Asp 212, Glu 232 of ACLB shown to be 
critical in the active site in SCS (Wolodko et al, 1994; Fraser et al, 1999) (purple arrows). 
Ala 97 in Arabidopsis ACLB is the plant non-conservative substitution for otherwise 
conserved Glu. Residues forming the oxaloacetate-binding site in CS (Karpusas et al., 1990) 
and conserved in ACL are indicated by yellow arrows. 
Figure 9. Phylogenetic relationships between ACLA and ACLB and homologous 
domains in succinyl-CoA synthase (SCS) and citrate synthase (CS). 
A-C, Phylogenetic trees were constructed from aligned sequences using maximum 
likelihood and parsimony with 100 bootstrap resampling methods of the PHYLIP 3.573 
software package (Felsenstein, 1989). A, ACLA compared to SCS-beta. B, ACLB compared 
to SCS-alpha. C, ACLB compared to CS. D, Scheme representing the possible evolutionary 
history of ACL. 
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CHAPTER 3. THE FUNCTION OF ATP-CITRATE LYASE IN 
CYTOSOLIC ACETYL-COA PRODUCTION 
A paper to be submitted to Plant Cell 
Beth L Fatland, Ann Perera, Basil J Nikolau, Eve Syrkin Wurtele 
Abstract 
Cytosolic acetyl-CoA is an essential precursor involved in many primary and secondary 
metabolic pathways. In plants, the only well-documented mechanism to generate cytosolic 
acetyl-CoA is via ATP citrate lyase (Kaethner and ap Rees, 1985; and Fatland et al., 2002). 
ATP-citrate lyase catalyzes the ATP-dependent reaction between citrate and CoA to form 
oxaloacetate and acetyl-CoA. To understand the significance of ACL-derived acetyl-CoA to 
whole plant metabolism, antisense Arabidopsis plants reduced in ATP citrate lyase activity 
were generated and characterized. Antisense ACLA plants have a complex-dwarf phenotype, 
with miniaturized organs, small cell size, aberrant plastid morphology, reduced cuticular wax 
and hyperaccumulation of starch, anthocyanin and stress-related mRNAs. These data 
indicate that ACL is required for normal growth and development of Arabidopsis. No other 
source of cytosolic acetyl-CoA can compensate. Cytosolic acetyl-CoA is required for a wide 
variety of metabolites, however, apparently the available cytosolic acetyl-CoA is 
preferentially channeled to particular pathways. 
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Introduction 
Cast as an essential molecule in plant metabolism, acetyl-CoA plays a major role in many 
interconnecting biochemical pathways. The mechanisms involved in acetyl-CoA generation 
are not well understood despite (and probably due to) its central role in metabolism. While 
crucial for de novo fatty acid biosynthesis in plastids and energy production in the 
mitochondrial TCA cycle, acetyl-CoA is also required for the biosynthesis of many 
phytochemicals essential to plant growth and development including: flavonoids, stilbenoids, 
isoprenoids, sterols, elongated fatty acids, malonyl derivatives, and malonic acid (Buchanan 
et al., 2000; and Fatland et al., 2002). 
Since acetyl-CoA is membrane-impermeable (Liedvogel and Stumpf, 1982), synthesis is 
thought to occur in the subcellular compartment where it is required (Fatland et al., 2002). 
There are at least four acetyl-CoA-generating compartments with corresponding pools of 
acetyl-CoA: mitochondria, plastids, microbodies and cytosol. Acetyl-CoA's 
compartmentation and plurality of roles in plant growth and development have complicated 
the discovery of its generative routes (Mattoo and Modi, 1970; Murphy and Stumpf 1981; 
Givan, 1983; Kaethner and ap Rees, 1985; Randall et al., 1989; Harwood, 1996; Wurtele et 
al., 1998; Ke et al., 2000a; Rangasamy and Ratledge, 2000; and Fatland et al., 2002). In 
plants, acetyl-CoA precursors include acetate (Millerd and Bonner, 1954; Kuhn et al., 1981; 
Liedvogel and Stumpf, 1982; Masterson et al., 1990; Roughan et al., 1993; and Cui et al., 
1996), pyruvate (Reid et al., 1975; Williams and Randall, 1979; Camp and Randall, 1985; 
and Smith et al., 1993) and citrate (Nelson and Rinne, 1975; Fritsch and Beevers, 1979; 
Kaethner and ap Rees, 1985; and Ratledge et al., 1997). The physiological and 
developmental roles of each precursor remain unclear. 
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In 1953, Srere et al. published evidence of a Mg2+-, ATP- and CoA-dependent citrate 
cleavage reaction in pigeon liver, which produced oxaloacetate, acetyl-CoA, ADP and Pj. 
Since this initial report, research in rats and humans has demonstrated that acetyl-CoA 
production in animals occurs in the cytosol via ATP-citrate lyase (ACL) (Srere, 1959, 1964). 
This homotetrameric enzyme converts cytosolic citrate, exported from the mitochondria, to 
oxaloacetate and acetyl-CoA for fatty acid and sterol biosynthesis (Elshourbagy et al., 1990, 
1992; and Voet and Voet, 1995). 
ACL 
citrate + ATP + CoA > oxaloacetate + acetyl-CoA + ADP + Pj 
In addition to animals, other eukaryotes such as some fungi, protists and plants contain 
ACL genes (for summary see Fatland et al., 2002). Mattoo and Modi (1970) provided 
evidence of ACL activity in mango fruit. In 1975, Nelson and Rinne reported citrate 
cleavage enzyme activity and 14C-citrate labeling of fatty acids in homogenized soybean 
cotyledon preparations. Fritsch and Beevers (1979) reported activity in the plastids of 
germinating castor bean endosperm. ACL activity was subsequently correlated with a 
cytosolic marker, and Kaethner and ap Rees (1985) concluded that a cytosolic ACL may play 
a role in isoprenoid biosynthesis. In contrast, reports by Ratledge et al. (1997) indicated that 
70% of the ACL activity was plastidic; the highest ACL activity was found in plant tissues 
with the highest demand for acetyl-CoA as a fatty acid precursor, and ACL activity 
mimicked acetyl-CoA carboxylase ACCase activity and lipid accumulation. Ratledge et al. 
(1997) suggested that the role of ACL in plants is to maintain the cellular flux of acetyl-CoA 
for formation of seed storage oils. 
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In plants, ACL is a heteromer encoded by the ACLA and ACLB genes (Fatland et al., 
2002). In Arabidopsis, each exists as a small gene family: ACLA has three members (ACLA-
1, Atlgl0670; ACLA-2, Atlg60810; and ACLA-3, Atlg09430) and ACLB has 2 members 
(.ACLB-1, At3g06650; and ACLB-2, At5g49460). The predicted mRNAs from ACLA-2 and 
ACLA-3 share 89% and 73% sequence identity with ACLA-1. The predicted polypeptides 
have approximately 50% identity to the N terminus (ACLA) and C terminus (ACLB) of the 
human ACL polypeptide and contain no apparent organelle targeting sequence. Subcellular 
fractionations indicate, in agreement with Kathner and ap Rees (1985), that plant ACL 
activity, as well as the ACLA and ACLB polypeptides are cytosolic, and no ACL activity or 
polypeptides are detected in purified plastids, mitochondria or microbodies Fatland et al. 
(2002). 
ACLA and ACLB mRNAs coordinately accumulate in cell types and organs requiring 
acetyl-CoA, such as anther tapetal cells, stigmatic surfaces, the inner ovule integument just 
prior to seed coat deposition, the epidermal cells of growing organs, vascular tissue, sepal 
and petal abscission zones and root tips. This pattern of mRNA accumulation is distinct from 
those of mRNAs encoding plastidic acetyl-CoA-generating enzymes (ACS and pPDH), and 
plastidic heteromeric ACCase (Ke et al., 1997a, 2000a, 2000b). However, the pattern of 
ACL mRNA accumulation is very similar to that of cytosolic, homomeric ACCase mRNA, 
an enzyme using cytosolic acetyl-CoA as a substrate (Fatland et al., 2002). 
ACL activity and/or cytosolic acetyl-CoA derived products are implicated as essential 
elements in the response to stress (Takeuchi et al., 1980; Schmid et al., 1990; and Suh et al., 
2001) in addition to growth and development. To understand the significance of ACL-
derived acetyl-CoA to whole plant metabolism, antisense ACLA-1 Arabidopsis plants (herein 
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referred to as anti-ACLA plants) reduced in ATP citrate lyase activity were generated and 
characterized. We report that ACL activity is required for the production of cuticular wax 
and seed coat flavonoids, and is essential for plant growth and survival. 
Plants lacking ACL activity have a very severe dwarf phenotype indicating that no other 
source of acetyl-CoA can compensate for this deficiency. The antisense A CLA phenotype 
partially phenocopies plants lacking sterols. This severe dwarf phenotype, and 
hyperaccumulation of anthocyanins, starch and mRNAs of genes involved in oxidative stress 
and other general stress responses provide insight into the deleterious impact instigated by 
reducing ACL activity in plants. 
Results 
35S:antisense ACLA-1 plants have a severely altered phenotype. To reduce ACL 
activity, the ACLA-1 antisense RNA was expressed in Arabidopsis plants under constitutive 
control of the CaMV 35S promoter. 163 kanamycin-resistant independently transformed 
plant lines of 220 lines demonstrated a characteristic phenotype varying in severity (Fig. 1A-
H) and are herein referred to as anti-ACLA plants. For ease of reference, severity of 
phenotype in the anti-ACLA plants is divided into six categories: normal (indistinguishable 
from wild-type), mild, moderate, severe, very severe and lethal (Table 1). 
The most striking alteration in morphology is a dark-green bonsai or miniaturized 
appearance with a compact rosette, accentuated by an accumulation of purple pigment 
(Figure 1C to F, and H). The diminutive size is due to a proportional reduction in the overall 
size of the shoot's phytomers. The plant's organs are proportionately reduced in all 
dimensions, a phenomenon that can be seen starting at early seedling stages; the first true 
leaves have shorter petioles than wild-type leaves of the same position (Figure 1 J). 
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Often a compact rosette can be attributed to a shorter hypocotyl (Azpiroz et al., 1998), 
however, hypocotyl lengths of both light- and dark-grown anti-ACLA seedlings are 
comparable to those of wild-type seedlings (Figure 2A). While primary roots of mti-ACLA 
plants are shorter than wild-type (Figure 2A), the seedlings lateral roots are longer than wild 
type seedlings (Figure IK and L). 
Clusters of enlarged epidermal cells on petioles of leaves one to six of severe anti-ACLA 
seedlings grown on agar plates in a humid environment also distinguish anti-A CLA plants 
from wild-type plants (Figure 1 J). 
At 32 days after imbibition (DAI), anti-ACLA plants with moderate and severe 
phenotypes weigh 60% and 90% less than wild-type plants (Figure 2B) and have fewer and 
smaller leaves (Figures 1M and 2C). In addition to the reduction in fresh weight, 
measurements of rosette diameter taken at 4-day intervals from 12 to 32 DAI indicate that 
anti-ACLA plants have reduced rates of rosette expansion (Figure 2D). This trend continues 
through 78 DAI (Table 1). 
The composite dwarf stature is accentuated by the lack of bolting in many moderate and 
the majority of severe anti-ACLA plants. While most of the wild-type plants and anti-ACLA 
plants with a normal phenotype have bolted by 24 DAI, only 35% to 57% of moderate and 
severe anti-ACLA plants have bolts (Figure 2E). The trend continues through 32 DAI, and 
often no inflorescences are produced. Inflorescence stems in anti-ACLA plants are reduced in 
diameter and are shorter (Figures IN, Table 1). Apical dominance is decreased, as anti-
ACLA plants produce primary and secondary inflorescence stems in shorter succession than 
wild-type plants resulting in a shrub-like appearance (Figure 1G and H). 
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anti-ACLA inflorescences have fewer and smaller buds and flowers (Figure 10 and P). 
Petals, which extend decisively beyond sepals of mature flowers of wild-type plants, are 
barely visible in anXi-ACLA plants. Anthers and stigmas are shorter. Anthers of anti-ACLA 
plants have not yet released pollen when elongated to the same position relative to the stigma 
as when the anthers of wild-type plants dehisce (Figure IP). In a significant portion of 
severe antisense plants, the tip of the inflorescence apical meristems wilt prior to anthesis, 
providing additional hindrance to pollination (Figure 10). 
Silique development in anti-ACLA plants varies depending on the severity of phenotype 
(Table 1). If gynoecia fail to further expand and lengthen, seeds are not produced. Siliques 
not elongating past approximately 3 mm are thought to contain unfertilized ovules 
(Meyerowitz and Somerville , 1994). If gynoecia continue to elongate (as occurs in most 
antisense plants with a moderate phenotype), the resulting siliques are shorter, often curled 
and expand unevenly (Figure 1Q). Developing seeds are often released from the silique prior 
to full maturation due to premature silique fissure (Figure 1R). 
Seeds with a variety of abnormalities can be found within a single silique (Figure IS to 
W). In more aberrant siliques, the proportion of abnormal seeds increases (Table 2). 
Abnormal seeds fall into four categories: 1. wild-type size, trapezoidal shape, wild-type color 
(Figure IT); 2. Smaller size, wild-type shape and lighter color (Figure 1U); 3. Smaller size, 
wild-type shape, wild-type color (Figure IV); and, 4. Smaller size, shriveled shape, WT 
color, not readily released from the silique (Figure 1W, X). Many of the seeds from all four 
categories lose seed coat pigment upon sterilization (Figure 1Z to 1AB), whereas the WT 
seeds do not (Figure 1Y). Embryos visible through these transparent seed coats range from 
globular to mature stages of embryo development. 
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Seed yield from severely phenotypic anti-ACLA plants is also severely reduced (Table 2). 
anti-ACLA seed germination percentages are lower than wild-type (Table 2), and in many 
cases seeds die soon after germination, indicating the most extreme phenotype may be lethal. 
Very severe, severe and moderate anti-ACLA plants have greater mortality earlier on than 
wild-type plants (data not shown). If they do survive, they have extended longevity, often 
remaining in their diminutive state with the characteristic dark green color for up to 24 
weeks, far longer than comparable wild-type plants which progress through senescence in 8 
to ten weeks (Table 1). 
Anti-ACLA phenotype is maintained in heterozygous lines. Plants were further 
propagated to obtain homozygous lines. T2 seeds representing 23 of 220 independent 
transgenic T1 lines with varying phenotype severity were screened for kanamycin resistance 
and the presence of the characteristic anti-ACLA phenotype (Table 3). 
None of 5 non-phenotypic T% lines produced T3 offspring with an apparent phenotype 
(Table 3A). Eighteen T2 lines from phenotypic parents were further screened (Table 3B). 
Seven of these T? lines segregated in ratios greater than 3:1 kanR:kans, indicating the 
presence of more than one transgenic locus. T? plants produced from six such lines appeared 
to have wild-type phenotype; two lines had reduced seed germination and one line produced 
offspring with the anti-ACLA phenotype. The remaining eleven lines tested demonstrated a 
kanamycin resistance ratio close to 3:1, indicating transgene insertion at a single locus. T3 
progeny seeds from 3 transgenic lines with 100% kanamycin resistance (indicating a 
homozygous T% parent) were propagated further. These consistently produced progeny 
indistinguishable from WT plants even when screened through successive generations up to 
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T5 seed. Eight T3 seed populations continued to segregate and consistently retained 
phenotype. These lines were used in the experiments described in this disseration. 
Eleven of the 23 anti-ACLA phenotypic seed lines produced seed populations with 
significant reductions (14.1-89.6% of wild-type) in seed germination, an indication that anti-
ACLA can be lethal to developing seeds. The difficulty in obtaining a homozygous line 
retaining the characteristic phenotype hints at the importance of this gene for the plant's 
survival and reproductive success. 
Plants with the profoundly altered phenotype contain the antisense A CLA-1 
transgene. PCR was used to determine if the presence of a phenotype was associated with 
the presence of the 35S:antisense ACLA-1 transgene (Table 4). Anti-ACLA (line 10-6) T? 
seeds were germinated on soil without kanamycin selection. For each of 85 plants, the 
phenotype was recorded and PCR was conducted using transgene-specific primers. These 
primers were designed to amplify a fragment of 1.4 kb. Seventy-two of 85 plants possessed 
the characteristic phenotype. For 63 of these plants, primers amplified a PCR product of the 
expected size, indicating the presence of the transgene (Table 4). Chi-square values indicate 
the kanamycin resistance, PCR and phenotype ratios are close to 3:1 (p-values are 0.05, 0.05 
and 0.025, respectively). PCR amplification products were absent in nine of 72 plants. 
These nine plants were scored as having a very mild phenotype (slightly darker green and 
smaller rosettes), which may be due to normal variation in wild-type plants. In addition, 23 
Ta plants from nine additional independent Ta seed lines were tested by PCR and the 
phenotype was recorded. In all plants tested, the presence of a moderate or severe phenotype 
correlates with a positive PCR reaction (data not shown). The data, in combination with 163 
70 
independent transgenic lines having the same phenotype, suggest the phenotype is due to the 
active presence of the 35S:antisense ACLA-1 gene in the genome. 
Anti-.ACLA plants have reduced ACLA polypeptide and reduced ACL activity. 
Antisera produced against the ACLA-1 polypeptide (Fatland et al., 2002) was used to 
determine the level of ACLA protein in shoots from four independent lines of plants varying 
in phenotype severity. Western analysis was used to analyze 100 jig protein samples from 
each plant (Figure 3A). There is a distinct reduction in immunologically-detected ACLA 
protein in anti-ACLA plants (Figure 3B). In contrast, plants with no apparent phenotype have 
levels of ACLA protein comparable to those found in wild-type plants. ACLA protein is also 
reduced in rosettes of severe anti-,4 CL4 plants (Figure 3C), as well as in bolts and buds (data 
not shown). These data indicate that the anti-ACLA phenotype is associated with a reduced 
level of the ACLA subunit. 
Decreased levels of a subunit of a multi-subunit protein may not result in a reduction in 
the protein's activity. To determine the levels of ACL activity in anti-ACLA plants, a 
spectrophotometric method coupling the measurement of NADH oxidation with ATP-citrate 
lyase activity (Fatland et al., 2002) was used. ACL activity was assayed in seven wild-type 
plants and in 13 anti-ACLA plants that were PCR-positive for the antisense ACLA transgene. 
Plants with moderate and severe phenotypes had significant reductions (53 and 74%, 
respectively) in ACL activity, while plants with more mild phenotypes showed no 
quantifiable decrease in ACL activity compared to wild-type plants (Figure 3D). The 
magnitude of reduction in ACL activity was found to mirror the increase in phenotype 
severity consistently across 70 anti-ACLA plants assayed between the ages of 32 to 78 DAI 
(data not shown). Severe anti-v4CL4 plants (T^ and T3 generations) and wild-type plants 
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were harvested at 32, 48 and 54 DAI and assayed for ACL activity. Extracts from severe 
anti-viCL4 plants had an average of 48 to 85% reduction in ACL activity when compared to 
wild-type (Figure 3E). Thus a reduction in the ACLA subunit leads to a reduction ACL 
activity and, furthermore, plants with more severe phenotypes have a greater reduction in 
ACL activity. 
Anti-ACLA stems have fewer, proportionally smaller cells. When compared in cross-
section, anti-ACLA stems are smaller in diameter and consist of fewer and smaller cells 
(Figure 4A and B). This trend is particularly evident in vascular bundles (Figure 4C and D), 
which have a reduced number of xylem and phloem cells. Cells from anti-ACLA stems are 
proportionally smaller in all dimensions than wild type plants (Figure 4E), retaining an 
elongate appearance as seen in longitudinal stem sections (Figure 4F). 
Antisense ACLA leaves are comprised of smaller cells with altered morphology. A 
reduction in plant size could be due to a decrease in cell number or cell size, indicating 
impeded cell division or expansion, respectively. To distinguish between these possibilities, 
leaves from wild-type plants and severe anti-ACLA plants were examined microscopically. 
Tissues within leaves from anti-v4CZ,^ plants with a severe phenotype (Figure 4H, J, L 
and M) have similar organization to wild-type leaves (Figure 4G, I and K) in mid-vein and 
laminar organization, having clearly delineated palisade and spongy mesophyll, epidermal 
layers and vasculature. Although the organization of tissue layers of severe anti-ACLA 
leaves is unchanged, cell size is conspicuously reduced. This marked reduction in cell size 
along with a proportionate reduction in apoplastic space leads to a more compact, thinner leaf 
lamina (Figure 4H and J) than that of wild-type plants (Figure 4G and I). This laminar 
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topology is also observed in older (54 DAI) anti-ACLA leaves (Figure 4L, M). These 
observations indicate that a reduction in ACL expression impedes cellular expansion. 
Antisense ACLA leaves accumulate starch. These reductions in cell size are 
accompanied by modifications in cellular content. Cells in the leaves of severe anti-ACLA 
plants are filled with prominent oblong granules (Figure 4M). To place the large oblong 
granules in ACL plants in their cellular context, fixed leaves were sectioned, stained with 
uranyl acetate and lead citrate, and analyzed by TEM. While differing drastically in size, the 
granules in anti-ACLA leaves (Figure 5B) share many characteristics with wild-type starch 
grains (Figure 5A). In addition to having an ovoid shape, these granules are non-osmiophilic 
(osmium does not generally stain carbohydrates; Hayat, 2000) and are enclosed within 
plastids. 
The ovoid granules accumulate in virtually all plastids of the mesophyll to the point of 
obscuring vacuolar structure. Histochemical methods were used to determine the 
composition of the particles. Thin and ultra-thin sections from severe anti-ACLA leaves (as 
in Figure 4M) and wild-type leaves (as in Figure 4K) of 54 DAI plants were processed 
through the Thiery reaction, a histochemical test used to detect the prevalent components 
(e.g. esterified and free carboxyls and glycols) of polysaccharides (Hall et al., 1978). A 
positive Thiery reaction indicates the presence of glycol groups a functional group found in 
polysaccharides. Granules in anti-ACLA leaves treated with periodic acid and subsequent 
aldehyde visualization steps stain positive (Figure 4P and Q), whereas granules in anti-ACLA 
leaves treated only with a general oxidizer, hydrogen peroxide, followed by the same 
visualization technique did not show positive staining (Figure 4N and O). 
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Starch grains of Thiery-stained wild-type plants were not visible under the light 
microscope due to their smaller size, but were easily visualized under TEM (data not shown). 
Ultrastructural observations in conjunction with the positive Thiery reaction results indicate 
the granules are starch. 
Large starch granules also accumulate in the plastids of epidermal cells of anti-,4 CL4 
leaves, but are not observed in the epidermal layer of wild-type leaves (Figures 4M, 5F and 
inset). Additionally, cells within the pith of inflorescence stems of severe anti-ACLA plants 
(86 DAI) (Figure 8G) also accumulate starch. This massive accumulation of starch indicates 
significant changes in metabolite flow within the anti-ACLA plants. 
In addition to having immense starch grains, anti-A CLA chloroplasts (Figure 5B) are 
distinct from wild-type chloroplasts (Figure 5A), having fewer thylakoid membranes, smaller 
plastoglobuli, and lacking highly stacked grana. Examination at a lower magnification 
reveals an alteration in plastid placement relative to the cell wall. Wild-type mesophyll cells 
contain a large central vacuole and the chloroplasts line the cell wall perimeter (Figure 5C). 
In contrast, the vacuoles of anti-,4 CL4 mesophyll cells are partially obscured by the starch-
filled chloroplasts (Figure 4D and F). Severe anti-ACLA cells (Figure 5F) also accumulate 
small spherical bodies of unknown content that do not occur in comparable wild-type cells 
(Figure 5E). This disturbed anatomy indicates interruptions in normal processes of primary 
metabolism and cell growth. 
Differential starch accumulation occurs under photoperiod. Starch levels in wild-
type plants vary diumally with length of exposure to light. Additionally, carbohydrate 
utilization shifts once plants begin the transition from vegetative to reproductive stages. To 
determine how light intensity and duration and bolting effect starch accumulation in the anti-
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ACLA plants, leaves from non-bolting and bolting plants grown under different photoperiods 
and light intensities were harvested, and screened for starch content. After chlorophyll 
extraction with 95% ethanol, iodine-potassium iodide (Berlyn and Miksche, 1976) was used 
to stain the starch in wild-type and anti-ACLA. Wild-type and severe anti-ACLA plants were 
grown in a photoperiod of 16 hrs light (68 [xmol m"2 s"1), 8 hrs dark; 24 hrs light (68 umol m"2 
s"1) and 24 hrs lower light (41 |imol m 2 s"1), and leaves were harvested both just before and 
after bolting (Figure 6). Starch content was similar in comparable leaves of wild-type and 
anti-ACLA plants grown under a 16 hr light/ 8 hr dark cycle; staining more intensely before 
bolting than after (Figure 6A). In contrast, when plants were grown under both 68 and 41 
[xmol m 2 s"1 of continuous light, the margins of anti-ACLA leaves harvested before bolting 
stained darker than corresponding wild-type leaves, whereas leaves harvested after bolting 
were often darker throughout (Figure 6B and C). This differential starch staining in leaves of 
plants grown under different photoperiods indicates that anti-ACLA plants are altered in 
metabolic response to light. 
Leaves and stems of anti-ACLA plants accumulate pigments. The dark-green color 
characteristic of anti-ACLA plants can be detected in young seedlings and as the plants age, 
leaves become darker green (Figure IE) and anthocyanin pigment accumulates (Figure 1H). 
Often this anthocyanin accumulation occurs in the inflorescence stem (Figure IN and O). 
To determine if the dark-green color of antisense anti-,4 CL4 plants is due to the 
accumulation of chlorophyll or carotenoid pigments, absorbance values of ethanol-extracted 
pigments were used to calculate the total chlorophyll, chlorophyll a, chlorophyll b and total 
carotenoid content, of wild-type and anti-ACLA rosettes. Pigments were extracted and 
calculations were made as outlined by Lichtenthaler (1987). Rosettes of three ages, before 
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bolting (25 DAI), during bolting (42 DAI) and beginning senescence (defined here as the 
yellowing of three of the oldest rosette leaves) (63 DAI) were harvested and extracted. 
Ethanol-extractable pigments were 1.3 to 2.2 times higher in anti-ACLA rosettes when 
compared to wild-type plants (Figure 7A). This increase in pigment content could be due to 
a reduction in cell and vacuolar size that effectively concentrates pigment content and 
contributes to the dark green color. 
The purple hue of anti-v4CL4 leaves and stems could be due to an accumulation of 
anthocyanin pigment. To determine if alteration in the color of anti-v4CL4 plants is also 
associated with an accumulation of anthocyanin pigment, organs were examined 
microscopically and chemically. Small dense red bodies are prevalent in the epidermal layer 
of anti-ACLA leaves (Figure 4M) suggesting the hyper-accumulation of anthocyanin. To 
further test for accumulation of anthocyanins, differential absorbance values (Abssso-Abses?) 
representing relative amounts of anthocyanin in methanolic extracts of rosette tissue were 
determined via spectrometry (Rabino and Mancinelli, 1986; Feinbaum and Ausubel, 1988; 
and Bariola et al., 1999). The difference in absorbance between the wavelengths of 
chlorophyll and its degradation products (Abses?) and anthocyanin pigments (Abs^o) were 
compared for rosettes of WT and anti-ACLA plants. The increase in purple pigment 
coincides with an increase in anthocyanin. On average, anti-ACLA rosettes had 2.5 times the 
anthocyanin content of wild-type rosettes (Figure 7B). 
The hyper-accumulation of anthocyanin in the leaves of anti-ACLA plants is reiterated in 
the inflorescence stem. Multiple red-pigmented bodies are prevalent in fresh sections of 
primary inflorescence stems of severe anti-ACLA plants (Figure 8B, D and G). These bodies 
are much less common in wild-type stems (Figure 8A, C, E and F). This unexpected 
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accumulation of anthocyanin in anti-ACLA plants, often a response to stress in wild-type 
plants (Shirley-Winkel 2002) may indicate that plants with reduced levels of ACL activity 
are metabolically or physiologically stressed. 
Anti-ACLA plants produce seed with less pigment. Flavonoids are prevalent in 
Arabidopsis seed as anthocyanin (Shirley, 1998) and phlobaphen polymers which form the 
major component of the testa (Shirley et al., 1995; and Stafford, 1995). Anti-ACLA plants 
produce seed with a variety of phenotypes (Figure IS to W), including many with seed coats 
that are visibly lighter in color. To determine if the reduction in color is due in part to a 
reduction in free-anthocyanins, three samples of wild-type seed and three samples of seed 
from two lines of moderate anti-ACLA plants were extracted with methanol and the 
difference in absorbance (Abs^o-Abs^?) was measured. Anti-ACLA seed extracts have 
approximately one half the differential absorbance value of wild type seed extracts indicating 
a reduced anthocyanin content per mg seed (Figure 7C). 
Fatty acid content of anti-ACLA seed is quantitatively but not qualitatively altered. 
Like anthocyanins, very long chain fatty acids (>C 18) such as those in Arabidopsis seed oil 
require cytosolic acetyl-CoA for biosynthesis. To determine if a reduction in ACL activity 
effects the fatty acids of seed, lipids were extracted from three samples of 100 wild-type 
seeds and three samples of 100 anti-ACLA seeds from three independent transgenic lines. 
Seed extracts were analyzed via GC-MS and the resulting peaks were integrated, identified 
and quantified based on an internal standard. Analysis of variance was performed on 
quantity of total fatty acids (Figure 9 A), and quantity of each constituent (Figure 9B). anti-
ACLA seeds from all three independent lines have a reduced amount of total fatty acid per mg 
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of seed (at a = 0.001, degrees of freedom, df = (3,8)). The proportion of the major fatty acid 
constituents, 18:0, 18:1, 18:2, and 20:1 remains unchanged (at a = 0.005, df = (3,8)). 
Anti-ACLA stems have reduced wax load. Cuticular wax biosynthesis requires 
cytosolic acetyl-CoA to elongate the very-long-chain components. To investigate the effect 
of decreased ACLA expression on the cuticular wax, a combination of microscopy and GC-
MS were used. An increase in inflorescence stem surface shine, which typically indicates a 
reduction in cuticular wax (Koorneef et al., 1989), is apparent in severe and moderately 
affected anti-ACLA plants (data not shown). Scanning electron microscopy (SEM) was used 
to confirm that anti-,4 CL4 plants with an increased surface sheen on inflorescence stems had 
reduced cuticular wax. Basal regions of inflorescence stems from plants grown 32 DAI on 
MS media were observed by SEM. All stems from five anti-v4CL4 plants (Figure 10B to F) 
had reduced cuticular wax when compared to wild-type specimens (Figure 10A). The degree 
of reduction was not consistent over extended surface areas, but varied within specimens 
from very little wax per area, through scattered, to moderate densities, creating a patchy 
appearance (Figure ÎOO to F). 
Change in wax density on anti-ACLA stems was accompanied by a subtle alteration in 
wax crystal morphology. Wax crystals on Arabidopsis inflorescences have a tube-and-plate 
morphology (Hannoufa et al., 1993), as in figure 10A. Wax crystals on anti-ACLA stems are 
smaller and have fibrous shaped tubes and irregular plates (Figure 10B and C). This change 
in shape may reflect an alteration in composition. 
To determine whether the reduction in cuticular wax was due to the slower development 
of the anti-ACLA plants, surface wax on three older (84 DAI) inflorescence stems was 
78 
visualized. These older anti-ACLA plants also accumulate less cuticular wax than wild-type 
plants (Figure 10H and I). However the individual crystals tend to be larger. 
Cuticular wax of anti-ACLA plants is quantitatively and qualitatively altered. To 
identify compositional alterations in the constituents of wax from anti-ACLA plants, 
epicuticular wax was analyzed using GC-MS. Total wax load was calculated based on an 
added internal hexadecane standard. Total chloroform-soluble wax loads extracted from the 
whole inflorescence stems of severe anti-ACLA plants are on average 61% less than that of 
wild-type inflorescence stems (Figure 11 A). Severe anti-ACLA plants had a significant 
reduction in the three major constituents of epicuticular Arabidopsis wax (Hannoufa et al., 
1993). Additional lipid constituents, as well as (3-amyrin, a triterpene in waxes (Hannoufa et 
al., 1993; and Husselstein-Muller et al., 2001) are also reduced (Figure 1 IB). This decrease 
in very long chain fatty acids and (3-amyrin in surface wax supports the hypothesis that ACL 
plays a role in cytosolic acetyl-CoA production subsequently used for wax production. 
cDNA microarrays reveal significant changes in mRNA accumulation in unti-ACLA 
plants. Anti-ACLA plants have an intensely altered phenotype and accumulate anthocyanin, 
a general stress response. cDNA microarray analysis was implemented to assess alterations 
in gene expression due to a reduction in ACL activity. The relative abundance of mRNAs 
extracted from wild-type and severe anti-v4CL4 rosettes (33 DAI) were analyzed by the 
Stanford Arabidopsis Functional Genomic Center (AFGC). Analysis of variance (ANOVA) 
was conducted (as outlined in Qian, 2002) on 9,376 log-ratios of normalized red/green and 
green/red mean intensities from two hybridized cDNA microarray chips. Significant 
differences (p < 0.01) in intensity ratios (indicating the relative ratios of abundance of anti-
,4CL4:wild-type mRNAs) were found in 598 spots (Table 5 and 6, Appendix A). Of the 598 
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cDNAs, 422 gene descriptors were located by searching multiple databases (Aracyc, 
GenBank, Swiss Prot, and TAIR) using a probe-list search tool created by Hailong Zhang 
(Zhang and Wurtele., unpublished data). The remaining 176 cDNAs are un-annotated; these 
are listed in Appendix A. 
The 422 annotated cDNAs that showed significant change based on ANOVA were 
divided into two lists; genes up-regulated in anti-ACLA rosettes (Table 5) and those down-
regulated in anti-v4 CL4 rosettes (Table 6). Genes were then categorized by functional 
groupings (e.g., lipid-related, hormone-related, stress related). 
Several trends in altered mRNA accumulation are revealed when genes are functionally 
categorized. Multiple genes involved in amino acid biosynthesis are elevated in anti-ACLA 
plants, including proline, serine and tryptophan which are derived from a-keto glutarate, 
phosphoglycerate and phosphoenolpyruvate respectively. Many mRNAs of glycolytic 
enzymes including phosphoglycerate mutase, enolase, several phosphoenolpyruvate 
carboxylases and pyruvate kinase are increased 1.52 to 1.71 times in anti-ACLA plants. 
mRNAs of cytosolic (3-amylase (sugar inducible) and ADP-glucose pyrophosphorylase, the 
major regulatory enzyme in starch biosynthesis, are also elevated. Interestingly, a putative 
mitochondrial uncoupling protein is elevated 2.57 fold in anti-ACLA plants. A variety of 
lipid-related genes such as acyl carrier proteins, lipases, non-specific lipid transfer proteins 
and two fatty acid desaturases have increased mRNA levels in anti-ACLA plants. Multiple 
genes implicated in the biosynthesis or response to several hormones such as auxin (e.g., 
nitrilase 2) and cytokinin (e.g., tRNA isopentenyl transferase) are also elevated. 
Genes induced by two stress-related hormones, abscisic acid (e.g., ABI2 protein 
phosphatase 2C) and jasmonate (jasmonate-induced proteins and vegetative storage proteins), 
80 
are elevated in anti-ACLA plants. Many other stress-associated genes are up-regulated in 
anti-ACLA plants. Chalcone synthase, a key enzyme in flavonoid production often up-
regulated in response to stress, is up five fold in anti-,4CL4 plants. Additionally, mRNAs of 
genes normally elevated during anoxic stress (e.g., alcohol and aldehyde dehyrdogenase), 
and osmotic stress (e.g., dehydrins, and proline biosynthetic genes) are up-regulated in anti-
ACLA plants. Multiple mRNAs of heat-shock proteins are elevated. Heat-shock proteins act 
as molecular chaperones and protect protein structure during times of cellular stress 
(Queitsch et al., 2002). 
The transcription factor HY5 and early light-induced protein (BLIP) are up-regulated in 
anti-ACLA plants. Hy5 positively regulates light-responsive genes including BLIP which is 
implicated in protecting the photosynthetic apparatus under desiccation, light, and cold stress 
(Harari-Steinberg et al., 2001). Reactive oxygen species are a part of normal development, 
but also increase in frequency when plants encounter both biotic and abiotic stress. Twenty-
one genes involved in the abatement of reactive oxygen species such as glutathione 
reductase, ascorbate peroxidase, and superoxide dismutase (Mittler, 2002) are elevated. ACL 
plants also contain increased levels of mRNA for gamma-tocophero 1 methyltransferase 
involved in the production of the anti-oxidant tocopherol. 
The up-regulation of primary metabolic and stress-related genes in plants lacking ACL 
activity suggests that ACL has an essential role in normal plant growth, development and 
homeostasis. Additional perturbations in primary metabolism are also revealed in the 
functional categorization of genes down-regulated in anti-ACLA plants (Table 6). Many 
photo synthetic-related genes are down-regulated. For example, multiple components of 
photosystem II and the oxygen-evolving complex in photosynthetic electron transport, 
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phytochrome A and rubisco activase are reduced. Several hexose-related genes are down 
including sucrose phosphate synthase kinase, which plays a role in sucrose production and a 
glucose transporter and a neutral invertase which are both related to sugar use. Genes 
induced by phosphate (e.g., phi-1) are also down. 
Alterations to expression of genes involved in plant growth and development also include 
reductions in xylosidases, endoxyloglucan transferases and cytoskeleton-associated genes, 
required for the formation and rearrangement of cell walls during cellular growth. Genes 
involved in flowering (CONSTANS and AP2) and senescence-associated proteins are also 
reduced. As in Table 5, genes involved in hormone response are also down regulated 
including multiple auxin-induced genes (IAA3, IAA6, IAA7 and IAA16) as well as an auxin 
efflux carrier (AUX1). Multiple gamma tonoplast intrinsic proteins (TIPS), which function as 
aquaporins in vacuoles, are also reduced. 
The shifts in expression of multiple genes implicated in primary metabolic pathways of 
plant growth and development and multiple stress-responses represent major perturbations of 
global gene expression due to the lack of ACL activity. 
Discussion 
ACL is critical to plant survival. Acetyl-Co A is at the interface of anabolism and 
catabolism. Acetyl-CoA is membrane-impermeable, and as such is required in at least four 
subcellular compartments. Multiple mechanisms of acetyl-CoA generation have been 
reported (Burgess and Thomas, 1986; Fatland et al., 2002; Kaethner and apRees, 1985; Kuhn 
et al., 1981; Millerd and Bonner, 1954; Nelson and Rinne, 1975; Reid et al., 1975; and op 
den Camp and Kuhlenmeir, 1997). ACL is located in the cytosol and provides acetyl-CoA to 
this compartment (Fatland et al., 2002). Our data indicate that the ACL gene is critical for 
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plant survival. No other potential acetyl-CoA-generating mechanism or alternate metabolic 
pathway is able to compensate for a reduction in cytosolic acetyl-CoA. Furthermore, plants 
with only a moderate reduction in ACL activity (e.g, 50% of wild type activity) are 
extremely miniaturized, slow to senesce, deep green-purple in color, with reduced cuticular 
wax and high starch accumulation. The remaining ACL activity is unable to meet the plant's 
metabolic requirements. Plants with about 25% of wild type ACL activity do not bolt or 
reproduce. These data indicate ACL may be a key regulatory step in the production of 
metabolites derived from cytosolic acetyl-CoA. 
Other mechanisms for the generation of cytosolic acetyl-CoA cannot compensate for 
a decrease in ACL. Acyl-camitine transferases add an acyl group to carnitine for the 
purpose of transport across membranes via carnitine : acy lcarnitine translocators (Burgess and 
Thomas, 1986; and Schwabedissen et al., 1995). In animals and fungi, this mechanism is 
used to transfer acyl products derived from fatty acid degradation from the peroxisome to the 
mitochondria. It has been suggested that this type of mechanism may be used to transfer 
mitochondrial acetyl-CoA across membranes (Thomas and Wood, 1982). Whether acyl-
camitine transferases and translocases are present in and actively used by plants for the 
transport of acetyl-CoA across membranes has been the subject of considerable debate 
(Burgess and Thomas, 1986; Fatland et al., 2002; Roughan et al., 1993; Wood et al., 1983). 
While no sequences with similarity to carnitine acyl-transferase genes were found in a 
TBLASTN search, two sequences similar to acyl-CoA translocases are present in the 
Arabidopsis genome (Fatland et al., 2002). One such sequence, the SOU protein, is an acyl-
CoA translocase-like protein located in the mitochondrial membrane, whose elimination 
leads to an arrest in growth at the cotyledon stage. As such, it is hypothesized to play a role 
in the postulated glyoxylate-independent pathway of lipid catabolism needed for seedling 
growth after germination (Lawand et al., 2002). Adult plants with mutations in BOU are 
lighter in color and moderately smaller and slower growing than wild-type plants. It is not 
clear what compounds, if any, are translocated by BOU; virtually nothing is known about the 
other two acyl-CoA translocase-like genes of Arabidopsis. Whether or not an acetyl-CoA 
translocase is present and functions to provide a source of cytosolic acetyl-CoA, our data 
indicate that alternate sources of acetyl-CoA are unable to compensate for a reduction in the 
ACL-generated, cytosolic pool of acetyl-CoA. Indeed, no other mechanism is able to replace 
ACL-derived acetyl-CoA. 
The products of cytosolic acetyl-CoA are differentially affected in anti-ACLA plants. 
Cytosolic acetyl-CoA is required for the biosynthesis of a multi-faceted set of metabolites 
essential for an array of physiological needs. These diverse compounds include: malonic 
acid (Stumpf and Burris, 1981); very long chain fatty acids, required for seed oil, suberin, 
cuticular wax and side-chains of glucosinolates (Pollard and Stumpf, 1980; Bao et al., 1998; 
and Graser et al., 2000); flavonoids and stilbenoids (Hrazdina et al., 1978; Preisig-Muller et 
al., 1997); isoprenoids as precursors for protein prenylation, sesquiterpenes, membrane 
sterols, brassinolides, rubber and other polyprenols, essential oils, and possibly gibberellins 
(Demetzos et al., 1994; Menhard and Zenk, 1999; Eisenreich et al., 2001; Hedden and 
Phillips, 2000); cytosolic cysteine (Rotte and Leustek, 2000; Dominguez-Solis et al., 2001); 
malonyl-derivatives including D-amino acids, 1 -aminocyclopropane carboxylic acid (the 
precursor of ethylene), and xenobiotics such as pesticides (Hohl and Barz, 1995). In 
transgenic plants, cytosolic acetyl-CoA can be used as a substrate for poly-hydroxybutyrate, 
the derivatives of which can be used for the production of bioplastics (Poirier, 2001). 
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Plants have a flexible metabolism, such that reduction or elimination of expression of 
many genes that might be expected to be essential for plant growth and development leads to 
no obvious phenotype (Todd et al., 1999; Hedden and Phillips, 2000; Bouche and Bouchez, 
2001; and Qian et al., 2002). Many plant biochemicals can be metabolized by multiple 
pathways, e.g., leucine catabolism (Qian et al., 2002), and isoprenoid biosynthesis (Rohmer, 
1999). In addition, isozymes can often partially replace each other, for example the GA 
dioxygenases (Hedden and Phillips, 2000) and the KCS fatty acid elongases (Todd et al., 
1999). Such redundancy is thought to provide the plant with metabolic plasticity, conferring 
the ability to circumvent stresses and breaches in the metabolic network (Bouche and 
Bouchez, 2001). However, the ACL phenotype is profound. Clearly redundant mechanisms 
are not present to supplement the function of ACL. 
Given that cytosolic acetyl-CoA is vital for the biosynthesis of multiple metabolites, the 
antisense ACL mutant phenotype could be due to altered levels of any one, or combination 
of, cytosolic acetyl-CoA derived product(s). ACL plants have reduced cuticular wax and 
seed coat flavonoids. However, mutants with severe reductions in cuticular waxes 
(Koorneef et al., 1989; Jenks et al., 1996; Todd et al., 1999) have only minor phenotypic 
alterations in conjunction with their reduced wax. These wax mutants are bright green and in 
general have a wild-type phenotype under normal growth conditions. Under low-humidity 
conditions five of the 21 Eceriferum (cer) loci and plants deficient in a fatty-acid elongase 
have slightly narrower and moderately shorter inflorescence stems (Koorneef et al., 1989; 
and Todd et al., 1999). Jenks et al. (1996) isolated additional wax biosynthetic mutants that 
possess rumpled leaves, but look relatively normal. Likewise, plants with mutations in 
flavonoid biosynthesis have subtle pleiotropic effects. Mutations in regulatory genes 
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affecting seed-coat flavonoid also affect trichome development and vegetative flavonoid 
development (Shirley et al., 1995). Plants with mutations in chalcone synthase (CHS), the 
enzyme catalyzing the first committed step of flavonoid biosynthesis, have increased polar 
auxin transport, more secondary roots, reduced apical dominance, thinner inflorescence 
stems, and are shorter. Although these mild phenotypic alterations occur, the absence of seed 
coat flavonoids does not produce a severe phenotype (Shirley, 1995). 
In addition, substrates and products of ACL are essential to primary metabolism. Citrate 
is known to inhibit phosphofructokinase, pyruvate kinase and pyruvate dehydrogenase kinase 
an enzyme that activates pyruvate dehydrogenase. Thus, the alteration of citrate utilization in 
the cytosol could effect carbon and energy flow in the plant and possibly affect the 
phenotype (Popova and Carvalho, 1998). 
Anti-ACLA plants have a phenotype distinct from that of GA or BR-deficient 
dwarfs. Dwarf phenotypes reflect an inability of the plant to grow normally. These can 
result from a wide variety of mechanisms. For example, mutations of many genes involved 
in cell expansion, division and elongation, and hormone metabolism (e.g., gibberellins, GA; 
jasmonic acid; and brassinsteroids, BR) induce a dwarf phenotype in which plants have 
reduced size, shorter leaves and shorter roots (Clouse and Sasse, 1998; Koorneef and van der 
Veen, 1980; and Xu et al., 2001). In order for a cell to expand, the cell wall must be 
loosened and rebuilt. Plants with mutations in the KOR gene, a putative member of the endo-
1,4-|3-D glucanase family required for cell wall assembly, are smaller, have shortened 
hypocotyls and reduced cell elongation (Nicol et al., 1998). The PETIT1 gene is putatively 
involved in cell wall assembly (Kurata et al., 1998). Cells in many tissues of petit 1 plants 
have reduced elongation, thus giving the plants a miniature appearance. Plants with 
mutations in BONI, which putatively regulates cell membrane production and cell wall 
structure, have a temperature-dependent miniature phenotype due to fewer, smaller cells 
(Hua et al., 2001). 
Several of the dwarf mutants have severely disrupted growth and development due to 
altered hormone metabolism (Clouse and Sasse, 1998; and Koorneef and van der Veen, 
1980). Most notably the plants with mutations in GA and sterol metabolism have an 
additional subset of features in common with anti-ACLA plants. Plants deficient in BRs or 
GAs possess a dwarf phenotype and similar to anti-ACLA plants are darker-green in color, 
have reduced fertility and apical dominance, produce fewer seeds and have an increased time 
to flowering and senescence (Peng and Harberd, 1997). The BRs and potentially the GAs 
(Hedden and Phillips, 2000) are synthesized from cytosolic IPP, derived from cytosolic 
acetyl-CoA. Thus, it is possible that a deficiency in one or both of these hormones could 
cause the. ACL phenotype. 
However, unlike anti-ACLA plants, GA and BR mutants are dwarfs as a result of a 
reduction in cell elongation, leading to shorter leaves, hypocotyls and stamens. knti-ACLA 
plants have normal stem cell elongation, (i.e., the dimensions of stem cells in the ACL 
mutant are similar to those of normal cells, but the absolute size in miniaturized). Contrary 
to anti-ACLA plants, BR mutant seedlings possess a de-etiolated phenotype when grown in 
the dark, including shortened hypocotyls, greening cotyledons and no apical hook. Anti-
ACLA seedlings have a normal dark response and show normal hypocotyl elongation in the 
light. Neither GA nor BR are able revert the anti-ACLA phenotype (Fatland and Wurtele, 
unpublished). These data indicate the anti-ACLA dwarf phenotype is not due to a simple lack 
of BR or GA. 
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The morphological phenotype of the ACL mutants most closely phenocopies plants 
deficient in the bulk sterol' biosynthetic branch of the MVA pathway. The branch point 
compound 24-methylene lophenol can be converted to episterol (leading to the production of 
campesterol and brassinolide), or can be converted by sterolmethyltransferase (SMT2) into 
the precursors for sitosterol and stigmasterol. Plants with reduced levels of campesterol and 
increased levels of sitosterol, due to SMT2 over-expression, resemble BR-deficient dwarfs 
(Schaeffer et al., 2001), in that they have problems with cell elongation and can be rescued 
by BR. In contrast, plants with sufficient campesterol but decreased sitosterol, caused by co-
suppressed SMT2, are also dwarfs, but have normal cell elongation and are not rescued by 
BR. These latter traits are found in anti-ACLA plants. Thus, when ACL activity is 
decreased, accumulation of BR may be sufficient, while flow through the bulk sterol 
biosynthetic pathway may be reduced. 
Plants with mutations in genes in the MVA-pathway from cycloartenol to 24-methylene 
lophenol, including^ (Jang et al., 2000; Schrick et al., 2000); hyd.2 (Souter et al., 2002) and 
smtl/cph (Diener et al., 2000; Schrick et al., 2002), are dwarf and, like the ACL plants, have 
abnormal seed containing under-developed embryos. Several of these mutants have levels of 
campesterol similar to wild-type, and none revert to normal embryogenesis upon treatment 
with BR. The close similarity in characteristics of anti-ACLA plants and these sterol-
deficient mutants further indicates that a sterol deficiency may contribute to the ACL 
phenotype. Clouse (2002) suggests that precursors of the sterol 24-methylenelophenol may 
act as signaling molecules during embryo formation and their absence would disrupt normal 
development. An alternate possibility is that a lack of precursors for the production of sterols 
used in membrane biogenesis would limit cell growth and normal organelle function. 
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Over-accumulation of starch and anthocyanin may be due to metabolic alterations 
distinct from the cycloartenol to the 'bulk' sterol biosynthetic pathway. Radish 
seedlings (Bach and Lictenthaler, 1983; Bach, 1986; and Schindler et al., 1985) and 
Arabidopsis (Fatland and Wurtele, data not shown) treated with mevinolin (an inhibitor of 
mevalonate biosynthesis) accumulate both anthocyanin and starch, characteristics similar to 
the anti-ACLA plants. However, increased accumulation of anthocyanins and starch and has 
not been reported in the sterol-deficient mutants (Azpiroz et al., 1998; Catterou et al 2001; 
Chory et al., 1991). Thus, the increased anthocyanins and starch in the anti-v4CL4 plants and 
mevinolin-treated plants could be due to an alteration in a metabolic process subsequent to 
mevalonate formation, but before cycloartenol. 
Reactive oxygen intermediates and oxidative-stress-related genes can be induced by 
several biotic (e.g., fungal, viral, bacterial pathogens) and abiotic (e.g., excess light, 
wounding, drought and temperature stress) stimuli (Mittler, 2002). Increased electron flow 
through the photosynthetic apparatus or mitochondrial electron transport chain, or altered 
flow of metabolites through photorespiration can increase the production of reactive oxygen 
intermediates (Mittler, 2002). Stress avoidance mechanisms that decrease the formation of 
reactive oxygen species (for example during light stress) include: increased carotenoid 
production, alteration of the epidermal surface and repression of photosynthetic-related genes 
(Mullineaux and Karpinski, 2002). Additionally, flavonoid accumulation is a well-known 
stress response (Shirley, 2002). Anti-ACLA plants accumulate a variety of molecules 
associated with stress. These include anthocyanins, carotenoids, mRNAs involved in 
scavenging reactive oxygen intermediates (ascorbate peroxidase, superoxide dismutase, and 
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glutathione species), early light induced protein (BLIP), and a putative mitochondrial 
uncoupler. 
Starch and anthocyanins both accumulate in plants under conditions such as Pi starvation 
(Zakhleniuk et al., 2001), increased cytokinin exposure (van der Graaf, 2001) and increased 
sugar accumulation (Nemeth et al., 1998; Riesmeier et al., 1994; and von Schaewen et al., 
1990). The presence of excess cellular sugar promotes the process of catabolite repression 
leading to the down-regulation of photosynthetic-related genes, but up-regulation of genes 
involved in starch biosynthesis, anthocyanin production, vegetative storage proteins and 
stress-responsive genes (Sheen, 1990; and Koch, 1996). Many of the differentially expressed 
mRNAs in anti-,4CL4 plants mimic this pattern. Genes involved in photosynthetic electron 
transport chain and rubisco activase are down-regulated in anti-ACLA plants. Phytochrome 
A mRNAs, known to be repressed by sucrose (Dijkwel et al., 1997), are reduced in anti-
ACLA plants while a phytochrome A suppressor is elevated. Additionally, the ADP-glucose 
pyrophosphorylase gene, encoding the key regulatory enzyme in starch biosynthesis is 
elevated. Other sugar-induced genes including flavonoid biosynthetic genes, multiple 
vegetative storage proteins and ^-amylase are also elevated in anti-ACLA plants. Thus, the 
starch and anthocyanin accumulation in the anti-ACLA plants may be caused by hexose 
phosphate repression. 
One explanation for the accumulation of stress-related metabolites and the over-
accumulation of starch in the anti-ACLA plants is that these plants are less able to cope with 
incident light energy, which induces the formation of reactive oxygen intermediates, thus 
increasing the synthesis of ROI scavenging mechanisms. Consistent with an increased 
production of ROI being associated with increased electron transport or photorespiration in 
the anti-ACLA plants, the phenotype in the anti-ACLA plants intensifies under continuous 
light. It is thus possible that ACL-derived acetyl-CoA is required for the efficient use of light 
energy for growth and development. 
Summary. These data indicate that ACL is required for survival of Arabidopsis. No 
other source of cytosolic acetyl-CoA can compensate. Cytosolic acetyl-CoA is required for a 
wide variety of metabolites, however, apparently the available cytosolic acetyl-CoA is 
preferentially channeled to particular pathways. Even when ACL activity is reduced, the 
accumulation of flavonoids, an indicator of stress, which are derived from cytosolic acetyl-
CoA, is increased in vegetative tissues. Our working model (Figure 13) is that much of the 
complex A CLA phenotype can be explained by three interconnected phenomena: 1. a 
reduction in cycloartenol to sitosterol and stigmasterol-like sterols of the MVA-pathway 
limits growth producing a dwarf phenotype, 2. reduced sugar use triggers glucose repression, 
and 3. an increased susceptibility to light causing an increase in ROI and consequently an 
increase in ROI scavenging mechanisms and stress. This model is being tested by 
complementation experiments and metabolite profiling. 
Materials and Methods 
Plant Material and Growth Conditions. Arabidopsis thaliana ecotype Columbia was 
planted and grown on sterile LCI Sunshine Mix soil (Sun Gro Horticulture, Bellevue, WA) 
under continuous light (68 [xmol m"2 s'1) at 22°C. At approximately three weeks, roughly 60 
plants were treated with approximately 1 gram of Marathon 1% granular, (Olympic 
Horticultural Products, Bradenton, FL). Every other week the plants were watered with a 20-
nitrogen: 10-phosphorous: 20-potassium, fertilizer mix (Plant Marvel Laboratory, Chicago 
Heights, IL). 
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Recombinant DNA Construction. The near-full length ACLA-1 cDNA (1.53 kb) 
(Genbank accession # Z18045; Fatland et al., 2002) was directionally ligated in the antisense 
orientation into a modified (Qian et al., 2002) pBI121L plasmid (BD Biosciences Clontech, 
Palo Alto, CA) (Sambrook et al., 1989). This ligation placed the antisense ACLA-1 cDNA 
under control of the CaMV 35S constitutive promoter. The resultant plasmid 
(p35S:antisense ACLA-1) was introduced into Agrobacterium tumefaciens (strain C58C1) by 
electroporation (Sambrook et al., 1989). 
Plant Transformation and Selection. Arabidopsis thaliana Columbia ecotype (Lehle 
Seeds, Round Rock, TX) was transformed using an Agrobacterium-mediated protocol 
adapted from Bechtold et al. (1993). Inflorescence bolts from plants 40 DAI were 
submerged for 5 min in infiltration medium containing A. tumefaciens (strain C58C1) 
possessing p35 S : antisense ACLA-1. Infiltration medium consisted of Murashige & Skoog 
(MS) salt mixture (Invitrogen, Carlsbad, CA), IX B5 vitamins, 5% sucrose, 0.5% MES pH 
adjusted to 7.0, 0.044 |iM benzylaminopurine, 100 jxl Silwet L-77 (OSI Specialties). Plants 
were placed in a 22°C growth chamber under continuous light (68 [imol m"2 s"1) until seed 
harvest. 
Prior to plating, seeds were sterilized by agitation in 50% (v/v) normal strength (5.25%) 
bleach and 0.02% Triton X-100 for 5 min. After four 1 min sterile distilled water washes, 
seeds were suspended in 0.1% agarose. Approximately 2,500 seeds per plate (in a volume of 
100 juL) were distributed on 150 x 15 mm petri dishes containing MS selection media (IX 
MS salts, lx B5 vitamins, 1% sucrose, 0.5 g/L MES, pH 5.7, 0.8% Agargel (Sigma, St. 
Louis, MO), 30 mg / L kanamycin and 500 ng / L vancomycin). After 7 to 10 days, 
kanamycin-resistant seedlings with at least two true leaves were transferred to soil. For 
subsequent screening and other experiments, 40 to 50 seeds were plated onto 85 x 15 mm 
petri dishes and then transplanted to soil. 
Measurement of Plant Growth. The roots and hypocotyls of 24 wild-type and 27 
ACLA (line 10-6 T3) seedlings grown on vertically placed petri dishes were measured (7 
DAI) with a mm ruler. The hypocotyls of 47 wild-type and ACLA (line 10-6 T3) dark-grown 
seedlings were also measured at 7 DAI. 
Thirty-four wild-type plants, 10 mild, 8 moderate and 29 severe anti-ACLA plants from 
line (10-6 T2), and 44 severe anti-ACLA plants from line (1-21 T%) were measured. Rosette 
diameters, taken at the widest point, and bolt height (from the newest rosette leaf up) were 
measured with a ruler starting 12 DAI. Measurements were taken at the same time of day, 
every fourth day until 32 DAI. At 32 DAI, the phenotype, number of leaves per plant and 
fresh weight (FW) of each plant was recorded. Plants were categorized according to 
phenotype at the time of final measurement. Fresh weights, number of leaves per plant, 
diameter of the rosette and height of bolt were averaged and the standard error calculated. 
PGR Analysis. The PGR protocol outlined by Klimyuk et al. (1993) was used to confirm 
the presence of the 35S:antisense ACLA-1 sequence in the genome. Small leaf segments (1-3 
mm2) were harvested and boiled in 40 ^1 0.25 N NaOH for 30 sec; then, 40 |xl 0.25 N HC1 
and 20 [xl of 0.5 M Tris-HCl pH 8.0 with 0.25% (v/v) Nonidet P-40 were added for 
neutralization. The mixture was boiled an additional 2 min and briefly centrifuged. Five ^1 
of supernatant was used as the source of template in the PGR reactions. 
Primers were designed to amplify a 1.4 kb sequence of the 3 5 S : antisense ^ 4 CA/4 - 7 
construct. Forward primer sequence, p-F (5' ACTATCCTTCGCAAGACCCTT 3'), was 
designed to hybridize with sequence near the end of the CaMV 35S promoter. The reverse 
primer sequence, p-R (5' AGGAACCTTGGCTCTCGTCT 3'), was designed to hybridize 
with the 3' end of the ACLA-1 sequence. The optimized PGR protocol consisted of 1 cycle 
of 5 min at 94 °C, 35 cycles of 1 min, 94 °C, 1.25 min, 55 °C, 1.5 min, 72 °C and a final cycle 
of 10 min, 72 °C. The resulting PGR products were electrophoresed through a 0.7% agarose 
gel containing 0.2 mg/ml ethidium bromide and visualized with UV light. 
Immunological Analyses. Protein from organs or whole plants was extracted and 
analyzed by SDS-PAGE (Laemmli, 1970) and Western blotting as described by Fatland et al. 
(2002). Blots were blocked by immersing in 3% BSA in Tris-buffered saline (TBS; 10 mM 
Tris-HCl, 154 mM NaGl, pH 7.4) blocking buffer for 8 to 16 hrs at room temperature. Anti-
ACLA serum (Fatland et al., 2002, diluted at 1:500) was added and the blots were incubated 
for 5 hrs at room temperature. After three 5 min washes with 0.02% NP40 in TBS (TBSN) 
to remove excess primary antibody, blots were incubated for 2 hrs at room temperature with 
2 x 105 cpm/ml 125I-Protein A in blocking buffer. Blots were then washed three times with 
TBSN, and radioactive bands were detected using a STORM 840 phosphorimager 
(Amersham Pharmacia Biotech Inc., Piscataway, NJ). 
ACL Activity Assay. Protein from organs or whole plants was extracted and desalted 
for ACL enzyme activity assay (Fatland et al., 2002). ACL activity was determined via a 
coupled spectrophotometric assay established by Takeda et al. (1969) and Kaethner and ap 
Rees (1985) and modified as reported by Fatland et al. (2002). The assay monitors changes 
in levels of NADH in the presence of excess malate dehydrogenase via absorbance at 340 
nm. NADH is oxidized in the malate dehydrogenase-dependent conversion of oxaloacetate, 
a product of the reaction catalyzed by ACL, to malate. 
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Light Microscopic Analysis and Micrography. Wild-type plants and severe anti-ACLA 
plants (lines 4-3, 9-12, 8-14 T2) were microscopically examined. Seedlings were sown in 
petri plates containing 20 ml MS medium (Murashige and Skoog, 1962), and seedlings were 
transferred to Magenta boxes containing 60 ml MS medium. Magenta boxes were placed 
under 53.4 jxE m"2 s"1 of continuous light at 22°C. 
Two to three leaf discs from two wild-type plants (19 DAI) and one to three severe anti-
ACLA plants from each of four independent lines were examined. In addition, one to four 
leaf discs from two wild-type leaves (54 DAI) and four leaves from severe anti-ACLA plants 
(54 DAI) from two independent lines were examined. Mid-sections of leaves three and four 
of 19 DAI plants and leaves five and six of 54 DAI plants were examined. (Leaves are 
numbered in order of emergence, i.e., leaf number one is the first true leaf after the 
cotyledons). Leaf discs were taken from the longitudinal mid-point of the leaf (the 
longitudinal mid-point was determined as the midpoint between the first set of marginal 
lobes to the leaf tip). 
The mid-sections of leaves were immersed and cut in a solution consisting of 1% 
paraformaldehyde, 2% glutaraldehyde in 65 mM cacodylate buffer at pH 7.2. Following a 
21-hr fixation at 4 °C in this solution, and three washes in 65 mM cacodylate buffer, pH 7.2, 
tissue samples were immersed in 1% osmium tetroxide in 65 mM cacodylate buffer and fixed 
for 1 hr. Osmicated samples were rinsed once in buffer and twice in deionized water and 
then dehydrated and infiltrated through a series of graded concentrations of ethanol (50% to 
100%), ethanol:acetone and finally acetone to Spurr's resin (EM Sciences, Fort Washington, 
PA). 
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Leaf discs were sectioned into 1 pm thin-sections, stained with 1% toluidine blue and 
observed under bright-field optics on a Leitz orthoplan microscope (Leica, Sciscope, Iowa 
City, IA) or a Zeiss Axioplan 2 compound light microscope (Carl Zeiss Inc., Thornwood, 
NY). 
For bright-field microscopy of fresh inflorescent stem sections, sections were made from 
the basal portion (0.5 cm from the youngest rosette leaf) of the primary bolt of 3 wild-type 
and 3 severe anti-ACLA plants (10-6T3) 86 DAI. The 60 ^im thick sections were cut by a 
Vibratome Series 3000 (Technical Products International Inc., St. Louis, MO). Also, stems 
from 3 wild-type plants, 3 severe anti-ACLA (line 10-6 T3) and 3 severe anti-ACLA (line 9-12 
T3) 43 DAI were hand sectioned for observation. The sections were placed in a drop of water 
on a glass slide, covered with a coverslip, and examined under a Zeiss Axioplan 2 compound 
light microscope. 
For stereo-micrography an Olympus SZH10 camera or an AxioCam HRC digital camera 
mounted on an Olympus SZH10 35 mm research stereo-microscope was used for image 
collection. 
Transmission Electron Microscopy. Sixty-nm-thin sections (10-15 sections/leaf 
sample) were cut from paraformaldehyde-glutaraldehyde-fixed leaf discs from leaf five of 
one wild-type plant (54 DAI) and one anti-ACLA plant with a severe phenotype (line 8-14 
T3) (54 DAI). Sections were stained with 5% uranyl acetate in methanol and Sato's lead stain 
(Sato, 1967) and observed under a JEOL 1200 EX scanning transmission electron 
microscope (Japan Electron Optics Laboratory, Peabody, MA). Similar cellular 
ultrastructural observations were also obtained from 29 DAI anti-ACLA (line 10-6 T3) plants 
grown on soil (personal communication, Hilal Ilarslan). 
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Polysaccharide Cytochemistry. Thin (1 ^m) and ultra-thin (60 nm) sections of leaves 
from wild-type and severe anti-ACLA plants were processed through the Thiery reaction and 
subsequent visualization steps (Hall, 1978). This reaction detects esterified and free 
carboxyls, and glycols, prevalent components in polysaccharide structure. Thin sections on 
glass slides and ultra-thin sections on grids were treated with 1% periodic acid (oxidized 
glycols to aldehydes) or 10% hydrogen peroxide (used to monitor non-specific oxidative 
production of aldehydes) for 45 min. After four 5 min deionized water washes, all sections 
were treated with 0.2% thiocarbohydrazide at room temperature for 18 hrs (TCH binds 
toaldehydes). Sections were washed twice for 5 min each in 20%, 10%, and 5% acetic acid, 
and in deionized water three times for 5 min. Washed sections were treated with silver 
proteinate in the dark for 130 min and subsequently processed through four 5 min distilled 
water washes. The electron-dense complexes formed when silver proteinate binds TCH were 
visualized with the appropriate microscopes as described above. 
Starch Staining. IKI staining (Berlyn and Miksche, 1976) was used to stain starch in 
whole leaves from 3 wild-type plants and 4 anti-ACLA plants each from one of four T3 
independent lines (1-21, 8-14, 9-12, and 10-6). Plants were grown either in continuous light 
(68 and 41 p,E m"2 s"1) or in a photoperiod of 16 hrs light and 8 hrs dark (68 uE m"2 s"1) at 
22°C. Plants were harvested just before (21, 33 or 36 DAI, depending on photoperiod) and 
after (54 DAI) bolting. Leaves were removed in order of age from the base of the rosette up 
and placed in separate tubes. Photosynthetic pigments were extracted for 48 hrs in 95% 
ethanol. Leaves were incubated in 5 ml of 1% potassium iodide and 1% iodine in water 
overnight. Leaves were placed in 5 ml of deionized water, rinsed for approximately 30 min 
and photographed with an Minolta X-700 camera using Ektachrome 64T film. 
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Pigment Extraction from Leaves and Seeds. The concentrations of chlorophyll a, 
chlorophyll b, total chlorophyll and carotenoids were determined using a protocol based on 
that of Lichtenthaler (1987). Six to 7 individual rosettes from wild-type plants and 6 to 7 
pools of rosettes (each containing 1 to 7 rosettes) from anti-ACLA plants (line 10-6, T3) were 
harvested at 25, 42 and 63 DAI. The harvested rosettes, ranging from 0.05 to 0.3 g FW were 
ground in liquid nitrogen, vortexed for 30 sec with 4 ml of 95% ethanol and incubated in the 
dark for 5 hrs at 4°C. After 10 min of centrifugation at 1500 g, supernatants were removed, 
stored at 4°C in the dark, and the remaining pellets extracted overnight in ethanol until no 
pigment remained. Ethanol extracts were combined and absorbance values at 664, 649 and 
470 nm, measuring chlorophyll a, chlorophyll b and carotenoids, respectively, were 
determined. 
A protocol based on those of Rabino and Mancinelli (1986) and Bariola et al. (1999) was 
used to assess anthocyanin content of 10 wild-type plants and 10 severe anti-ACLA plants 
(line 10-6 TO at 63 DAI. Anti-ACLA rosettes were pooled until the FW totaled at least 0.075 
g. Rosettes, ranging from 0.75 to 0.3 g FW, were frozen in liquid nitrogen and pulverized. 
The resultant finely ground powder was extracted with 1 ml of 1% HC1 in methanol per 0.1 g 
FW and shaken gently at room temperature for 2 hrs. Chloroform (0.8 ml / 0.1 g FW) was 
added and the samples vortexed for 1 min. Deionized water (2.0 ml / 0.1 g FW) was added 
and the samples vortexed for 1 min. Samples were then centrifuged for 5 min at 1500 g. The 
absorbance of the upper (methanol/water) phase at 530 nm and 657 nm was recorded. The 
difference between Abs^o and Abs 657, representing anthocyanin content, was calculated. 
Anthocyanins were extracted from seed samples using a protocol based on that of Albert 
et al. (1997). Three seed samples, representing three different plants, were taken from wild-
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type plants and two lines of anti-,4 CL4 plants (1-21 T3 and 10-6 T3). 0.01 to 0.027 g FW of 
seed from each seed sample was ground in 100 jxl of 2N HC1 for 1.5 min. An additional 600 
jil of 2N HC1 was added to rinse the pestle and the extracts were shaken for 24 hrs in the 
dark. After the addition of 600 ^1 of chloroform, extracts were vortexed for 30 sec and 
centrifuged for 1 min at 14,000 g. 150 (il of the resultant supernatant was diluted such that 
the concentration of HC1 was 1% (v/v) by the addition of 933 |il of methanol. Absorbance 
readings of the diluted extracts taken at 530 and 657 nm were used to calculate the 
absorbance difference (Abs^o-Abs^?) which represents the relative anthocyanin content 
(Rabino and Mancinelli, 1986). These values were adjusted based on the weight of the seed 
extracted. 
Extraction and Analysis of Fatty Acids from Seed. Fatty acids were extracted from 
samples of 100 seeds from 3 wild-type plants and 3 T% anti-ACLA plants from three 
independent transgenic lines (1-21-2, 8-14-12 and 10-6 T3), using a protocol based on that of 
James and Dooner (1991). After the addition of 10 |xl of 1.7 mg/ml of triheptadecanoate 
(Fluka) in hexane, samples were ground for 2 min, 1 ml of IN HC1 in 100% MeOH was 
added, and samples were pulverized for an additional 15 sec. The seed extract was combined 
with 3 additional ml of IN HC1 in 100% MeOH used to rinse the tissue grinder, and this 
extract was transferred to a capped tube; the tube was nitrogen-purged and the extract was 
heated at 80°C for 1 hr. 0.6 ml of hexane and 1 ml of 0.9% NaCl were added. Samples were 
vortexed 30 sec and then centrifuged 30 sec at 1000 g. The resulting pellets were extracted 
twice with 2 ml hexane and the hexane phase was filtered through a 0.22 |u,m Alltech 
(Deerfield, Illinois) filter. One |a! of extract was injected into a GC series 6890 from Agilent 
(Palo Alto, CA) in series with a 5973 Agilent mass detector. The injector and detector were 
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held at 250°C. Extract components were subject to a ramped temperature program of 80°C 
for 5 min, up to 260°C for 10 min, up to 320°C for 30 min., and separated on an HP-1 silica 
capillary column (30 m x 0.32 fxm, inner diameter) using helium as the carrier gas. Ramping 
between temperatures occurred at a rate of 5°C /min. Resulting chromatograms were 
integrated by Agilent's HP enhanced ChemStation TM G1701 BA version B.01.00 software. 
Quantity of fatty acid/mg FW seed was calculated based on the heptadecanoic internal 
standard. Peaks were identified by comparing acquired mass spectra with glossy (Perera et 
al., 2002) and Agilent NIST98 mass spectra libraries. 
Scanning Electron Microscopy (SEM). Fresh basal inflorescence stem segments were 
harvested from six wild-type plants and five severe anti-ACLA plants (line IO-6T2) at 32 
DAI, and from 1 wild-type plant, 1 moderate (line 4-3 T3) and 2 severe (line 8-14 T3) anti-
ACLA plants, at 84 DAI. Samples were prepared for SEM analysis using a protocol based on 
that of Jenks et al. (1995). After samples were sputter-coated with a 20/80 gold-palladium 
alloy, they were examined at 10 kV on a JEOL 5800 LV SEM (Japan Electron Optics 
Laboratory, Peabody, MA). 
Wax Extraction and Analysis. Cuticular wax from the primary inflorescence stems of 
soil-germinated, PCR-tested isogenic wild-type and 35S:antisense ACLA-1 plants (60 DAI) 
was analyzed. The optimized chloroform extraction protocol was based on that of Perera et 
al. (2002). Five primary bolts from wild-type plants and 45 to 50 primary bolts from severe 
antisense anti-vlCLvi plants were harvested at the base of the stem, cauline leaves were 
trimmed away, and antisense samples pooled. A known amount of hexadecane (Sigma, St. 
Louis, MO) was applied to the stem surface prior to extraction to act as an internal standard. 
Chloroform-soluble wax was extracted with 60 ml of chloroform for 60 sec without agitation, 
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decanted through glass wool into round bottom flask, and rotary vacuum evaporated to 
dryness at 30°C. Extracted wax was resuspended in 7 ml of chloroform and concentrated to 
approximately 0.8 ml. Chloroform-dissolved wax samples, each representing wax extracted 
from approximately 0.5 g FW were derivatized by silylation using a protocol based on that of 
Wood et al. (2001) and Hannoufa et al. (1993). Seventy pil of bis-trimethylsilyl-
trifluoroacetamide (BSTFA) and 10% (v/v) trimethyl-chlorosilane (TMCS) were added to 
nitrogen-dried wax resuspended in 1 ml of acetonitrile. Samples were incubated at 100°C for 
30 min. Once cooled, excess reagent was evaporated, the samples were redissolved in a 
known amount of chloroform and passed through a 0.22 |im Alltech filter. One ul of each 
wax sample was injected into a gas chromatograph series 6890 from Agilent (Palo Alto, CA) 
in series with a 5973 Agilent mass detector. The injector and detector were held at 250°C. 
Wax components were subject to a ramped temperature program of 80°C for 5 min, up to 
260°C for 10 min, up to 320°C held for 30 min., and separated on an HP-1 silica capillary 
column (30 m x 0.32 pim i.d.) using helium as the carrier gas. Ramping between 
temperatures occurred at a rate of 5°C /min. Resulting chromatograms were integrated by 
Agilent's HP enhanced ChemStation TM G1701 BA version B.01.00 software. The quantity 
of wax/g dry weight of plant material was calculated based on the hexadecane internal 
standard. Peaks were identified by comparison with the AgilentNIST98 and glossy mass 
spectra libraries (Perera, 2002). 
Microarray Analysis. Wild-type plants and severe anti-A CLA (10-6, T2 generation) 
plants were grown on soil under continuous light (68 pimol m~2 s~'). At 33 DAI, bolts were 
removed and the rosettes were harvested. Total RNA was extracted from approximately 
equal fresh weights (about 1.5 g) of four wild-type rosettes, and approximately 30 antisense 
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anti-ACLA rosettes, using a TRIzol based extraction protocol (Stanford Arabidopsis 
Functional Genomic Consortium, AFGC). The Oligotex mRNA batch protocol, provided 
with Qiagen's Oligotex mRNA mini kit (Qiagen, Valencia, CA), was used to isolate and 
purify poly A+ RNA from total RNA samples. Poly A+ RNA was sent to the AFGC 
Microarray Facility for cDNA microarray analysis. 
Red and green fluorescently-labeled cDNAs created by reverse-transcription of poly A+ 
RNA, were hybridized on microarray chips containing cDNA spots representing 11,116 
unique EST clones provided from the Michigan State University sequencing collection 
(Newman et al., 1994). Both red and green dye combinations of the two samples (wild-type 
and severe anti-ACLA plants) were hybridized to two separate chips. 
Analysis of variance (ANOVA) was conducted on 9,376 of 11,483 log-ratios of 
normalized mean intensities. Empty spots, spots flagged as bad by the AFGC, spots with 
saturated intensities and spots with raw mean intensities less than 2 times median background 
were removed from analysis. ANOVA and determination of significance, was conducted as 
outlined in Qian et al. 2002. 
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Figure Legends 
Figure 1. Composite phenotype of 35S:antisense ACLA-1 plants. 
163 of 220 independently-transformed anti-ACLA (aACL) lines possess a distinct 
miniature phenotype. Rosettes of 49 DAI plants: (A) Wild-type; (B) Mild phenotype; (C) 
Moderate phenotype; (D) Severe phenotype; (E) Very severe phenotype. Rosette of 55 DAI 
plants: (F) very severe phenotype. Plants at 80 DAI: (G) anti-ACLA plants have a slowed 
rate of growth, development, time to senescence and remain green; (H) Severe phenotype 
exhibiting characteristic pigment accumulation and reduced apical dominance. Seedlings at 
11 DAI: (I) Wild-type; (J) Severe phenotype showing expanded epidermal cells (arrow). 
Seedlings at 9 DAI: (K) Wild-type; (L) Moderate phenotypic seedlings showing shortened 
primary roots and longer secondary roots. (M) Wild-type leaf of 47 DAI plants and anti-
ACLA leaves of 85 DAI plants with severe phenotype. AsAi-ACLA leaves are miniaturized 
and darker in color. At 85 DAI, wild-type leaves (not shown) have senesced. (N) Anti-
ACLA inflorescence stems accumulate purple pigment and appear glossy. (O) Anti-ACLA 
inflorescences eventually wilt near the shoot apical meristem. (P) Anti-ACLA flowers are 
reduced in size. (Q) Anti -ACLA siliques remain green longer than wild-type siliques of the 
same age (silique on far left, 85 DAI), and also are shorter and bumpier than pre-desiccation 
wild-type siliques (silique second from left, 38 DAI). (R) Seed in anti-^C^ siliques are 
often released before maturity. (S) Wild-type-seeds. (T to X) Anti-ACLA siliques contain 
seeds with a range of phenotypes: (T) Anti-ACLA seeds with altered shape and normal color; 
(U) Smaller, lighter Anti-^Œvl seeds with normal shape; (V) Smaller Anti-ACLA seeds; (W) 
and (X) Smaller and shriveled anti-ACLA seeds are not readily released from dry siliques. 
(Y) Wild-type seeds retain color during sterilization. (Z to AB) Seed-coat pigmentation is 
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lost upon sterilization of anti-ACLA seeds, revealing globular to mature embryo stages within 
ovule. Wild type seed-coats retain their brown color. (A) to (D) bars = 1 cm, (E), (H), (K), 
(L), (M) and (O) bars = 1 cm, (F) bar = 4 mm, (G) bar = 5 cm, (I) and (J) bar =1 mm, (N) 
bar = 0.5 mm, (P), (R), (AB) bar = 2 mm, (Q) bar = 6 mm, (S) to (W), (Y) and (Z) bar = 1 
mm, (X) bar = 3 mm, (AA) bar = 250 |xm. 
Figure 2. Anti -ACLA plants have reduced rates of growth and development. 
(A) Wild-type and anti-ACLA seeds were sown on MS plates. Seedling roots and light-
and dark-grown hypocotyls were measured at 7 DAI. Wild-type and anti-ACLA (lines 1-21 
and 10-6) T3 seeds were sown on soil. (B) Surviving plants, 33 wild-type •, 46 ACL (line 
10-6) 10 normal , 7 moderate •, and 29 severe , and 45 ACL (line 1-16) all severe U, 
were measured, harvested and weighed at 32 DAI. (C) Number of leaves per plant (32 DAI), 
(D) Rosette diameter (32 DAI), (E) Percentage of plants bolting, and (F) Bolt height, were 
taken at regular intervals prior to harvest. Bars represent standard errors. 
Figure 3. ACL activity and ACLA protein are reduced in severely affected anti-ACLA 
plants. 
Protein extracts from 32 DAI wild-type and anti-ACLA plants of varying severity (100 ug 
protein/lane) were separated using SDS-PAGE. Resulting gels were subject to: (A) 
Coomasie staining, and (B) Western blotting and immunodetection with ACLA antisera. (C) 
Protein extracts from rosettes of 60 DAI wild-type plants and severe anti-A CLA plants (100 
jxg protein/lane) were subjected to SDS-PAGE, western blotting and probed with ACLA 
antisera. (D) Protein extracts from 7 wild-type plants and 12 anti-A CLA plants (78 DAI) of 
each phenotypic severity representing 6 lines were assayed for ACL activity. (E) ACL 
assays in 2 to 19 wild-type and 3 to 10 severe anti-ACLA plants, from 6 independent lines, at 
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32, 48 and 54 DAI. At all ages tested, severe plants have less ACL activity when compared 
to wild-type plants. Bars represent standard error. 
Figure 4. Cells from stems and leaves of anti-ACLA plants are smaller and leaves have 
altered components. 
Cross sections taken at the longitudinal mid-point of stems 28 DAI: (A) and (C) wild-
type, (B) and (D) severe anti-ACLA. Longitudinal sections of stems 28 DAI: (E) wild-type, 
(F) severe anti-ACLA. Mid-sections of leaves from 19 DAI plants: (G) and (I) wild-type, 
(H) and (J) moderate anti -ACLA phenotype. Mid-sections of leaves from 54 DAI plants: (K) 
Wild-type, (L) and (M) severe anti-,4CL4 phenotype. Large granules test positive for starch 
in the Thiery reaction, viewed under (P) phase contrast and (Q) dark field; negative control 
sections for Thiery reaction (minus periodic acid) under (N) phase contrast and (O) dark 
field. (A), (B), (E) and (G) bars = 100 p,m, (E) and (F) bars = 100 pim (I) and (J) bars = 15 
H-m, (K) and (L) bars = 100 |im, (M) bar = 25 |im, (N) to (Q) bars = 100 pim. a = red 
spherical bodies in epidermal cells, p = plastids. 
Figure 5. Significant ultrastructural changes are found in anti-ACLA cells. 
Representative organelles in mesophyll (A) to (D) and epidermal (E) and (F) cells from 
the leaves of: (A),(C), and (E) Wild-type plant 54 DAI and (B),(D), and (F) Severe anti-
ACLA plant 54 DAI. (A) and (B) bars = 500 nm; (C) to (F) bars = 2 jxm. P = plastid, cw = 
cell wall, e = epidermis, g = grana, pg = plastoglobuli, s = starch grain, sb = spherical body, v 
= vacuole. 
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Figure 6. Knti-ACLA leaves grown under a photoperiod and constant light 
differentially accumulate starch. 
(A) Leaves taken before (36 DAI) and after bolting (53 DAI) from wild-type and anti-
ACLA plants grown under 16 hrs light (68 jimol m"2 s"1) / 8 hrs dark. (B) Leaves taken before 
(21 DAI) and after bolting (53 DAI) from wild-type and mii-ACLA plants grown under 24 
hrs light (68 |imol m2 s"1). (C) Leaves taken before (31 DAI) and after bolting (54 DAI) 
from wild-type and anti-ACLA plants grown under 24 hrs light (41 (.unol m2 s"1). Bars = 1 
cm. 
Figure 7. Anti-ACLA rosettes have increased levels of pigments, while anti -ACLA seeds 
are reduced in anthocyanin. 
(A) Ethanol-soluble pigments were extracted from the rosettes of wild-type and severe 
anti-ACLA plants at 25, 42, and 63 DAI. Anti-ACLA rosettes have greater chlorophyll and 
carotenoid content than wild type plants. Total carotenoids U, chlorophyll b , chlorophyll a 
•, total chlorophyll •. (B) Rosettes of severe anti-ACLA plants (63 DAI) have greater 
anthocyanin content, monitored by the difference between Abs^o and Abs 557 per g FW in 
methanol-soluble pigments, than rosettes from wild-type plants. (C) Seed from anti-ACLA 
plants (lines 1-21 and 10-6 are shown) have less anthocyanin content per mg seed than seed 
from wild-type plants. Bars represent standard error. 
Figure 8. Severe ACLA stems hyper-accumulate pigment. 
Fresh Vibratome-sectioned basal segments of the primary inflorescence stems at 86 DAI. 
(A), (C), (E) and (F) Wild type plants; and (B), (D), and (G) severe anti-ACLA plants. 
Sections are not stained. Bars in (A) and (B) - 100 |j,m; (C) and (D) = 50 p,m; (E) to (G) = 
25 ^m. a = anthocyanin, s = starch. 
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Figure 9. Anti-ACLA seeds have less fatty acid, but fatty acid profiles remain similar to 
wild-type. 
Seeds were extracted by methanolic-HCl and hexane and analyzed by GC/MS. (A) Fatty 
acid content in seeds of moderate anti-ACLA plants is reduced. (B) Populations of T3 seeds 
from three independent anti-y* CL4 T2 lines: 1-211, 8-14 , and 10-6 U; wild-type •. 
Constituents are slightly reduced compared to wild-type constituents. Profiles represent 3 
replicates. FA = fatty acid. Bars represent standard errors. 
Figure 10. Anti-ACLA stems accumulate less wax and have altered wax crystal shape. 
Scanning electron microscopy (SEM) of basal regions from inflorescence stems of plants 
at 32 DAI: (A) Wild-type; (B) and (C) anti-,4CL4; (D) to (F) variation in wax density within 
one anti-ACLA stem. SEM of basal regions from inflorescence stems of plants 84 DAI: (G) 
Wild-type. (H) and (I) Phenotypic anti-,4CL4. Bars = 10 |im. 
Figure 11. Cuticular wax from severe anti-ACLA stems is quantitatively altered. 
Cuticular wax was extracted from the inflorescence stems of wild-type • plants and 
severe ACL U plants 60 DAI, analyzed by gas chromatography and mass spectrometry: (A) 
ACLA inflorescence stems have an average of 61% less wax when compared to wild type 
plants; (B) Major constituents, representing at least 1% of total wax, requiring cytosolic 
acetyl-CoA for their biosynthesis are significantly reduced in wax extracted from ACLA 
stems. Extractions were repeated three times. Bars represent standard error. ? - constituents 
yet to be identified. 
Figure 12. Anti-ACLA plants share characteristics of several types of dwarf mutants. 
Anti-,4 CL4 plants are most similar to plants with altered sterol biosynthesis due to 
deficiencies between cycloartenol and 24-methylene lophenol. 
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Figure 13. Proposed model for altered unti-ACLA phenotype and metabolism. 
Plant growth is hypothesized to be limited by reduced sitosterol and stigmasterol-like 
sterol biosynthesis due to the reduction in ACL activity. In turn carbon and energy are 
underutilized, excess sugar signals the glucose repression response and a down-regulation of 
photosynthetic-related genes and an increase in starch biosynthesis and anthocyanin occurs. 
Additionally, plants may be under osmotic or excess light stress, inducing multiple genres of 
stress-related genes and exacerbating the anti-ACLA phenotype. Genes or metabolites 
depicted in green are elevated, while those in red are reduced. Dashed arrows represent the 
hypothetical model. 
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Figure 12. 
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Figure 13. 
G6P — F6P — F1,6P 
Z  \  _ \  
PLASTID 
G1P 
|SPS 
1 
SPS 
kinase 
PFK 
sucrose 
rubisco 
trehalose-6-P 
phosphatase 
PEPC 
pyruvate malate 
mutase 
2-PGA 
pyruvate • acetaldehy de 
\ A D H  S ALDH 
i J p D H  e t h a n o l V  
1 ^7 NAD H 
• — NAD 
acetyl-CoA 
1,3-PGA 
CALVIN 
3-PGA 
a 2,3 PGA TP 
V ADGPP 
citrate 
MDH 
malate 
NADH 
ETC mitochondrial-uncoupling protein alt OX 
malonic acid OAA 
suberin 
osmotic 
stress 
X 
elongated 
fatty acids1 
• S/ 
cuticular / 
wax J 
acetyl-Co A •• 
/ 
malonyl-CoA 
1 — p-coumaroyl-CoA 
•stilbene CHS 
seed oil "narigenln 
stllbenoids 
dihydrokaempferol 
„ / \ X 
quercetin anthocyanins 
y stress 
phlobaphenes 
seed-coat 
anthocvanins 
carotcnoids starch 
PSN ET Proteins \ 
Light / Osmotic Stress? 
mulitple mRNAs up 
Knrly light induced protein 
Oxidative Stress 
Heat Stress / Osmotic Stress 
Lipoxygenase / Jasmonic acid 
Glucose repression 
due to reduction in growth 
and sugar use 
citrate 
ACL 
HMG-CoA 
Reduced ( ell Growth 
due to lack of sterols 
similar to sterol-deficient plants 
cell wall restructuring genes 
Lack of sitosterol and 
stigmasterol-like sterols 
mevinolin 
mevalonate 
sqmilene 
cycloartenol • 
• 
24-methylene lophenol 
cholesterol 
campesterol 
sitosterol 
brasslnolide 
stigmasterol membranes 
123 
Table 1. clACLA phenotype severity relative to wild-type (WT) plants. 
Plant 
Phenotype 
Severity 
Rosette Diameter3 in 
cm ± SE 
at 78 DAI 
Bolt Height3 
in cm ± SE 
at 78 DAI 
Silique 
Morphology 
Approximate Time 
to Senescence^ 
(Silique Dehiscence) 
Wild Type 6.0 ± 0.2 26.0 ± 0.9 Wild Type ~ 8-10 weeks 
Normal 5.8 ± 0.4 39.2 ± 4.2 Normal ~ 11-15 weeks 
Mild 4.9 ± 0.3 27.3 ± 3.5 A few curled 
siliques present. 
~ 11-15 weeks 
Moderate 3.7 ± 0.2 12.9 ± 1.0 
Majority curled, 
frequent 
premature seed 
release 
~ 12-17 weeks 
Severe 3.1 ± 0.3 5.7 ± 1.0 
If present, shortened 
and often curled. 
Occasional premature 
seed release. 
~ 17-22 weeks 
Apical Meristems of 
inflorescences often 
wilt 
Very 
Severe 
< 1 cm Plants do not bolt. No siliques produced. ~ > 22 weeks 
If seedling survives 
Lethal Radicle 
emerges 
Plants do not bolt. No siliques produced. Cotyledons 
fail to emerge 
a Measurements were taken from 2 to 18 plants per phenotype category of line 10-6 T\ generation 
b Senescence is defined here as the point at which the majority of silques are dry and ready to be harvested. 
Date of senescence estimations for 189 plants from 189 T, lines were based on the seed harvest date. 
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Table 2. Phenotype of seeds of wild-type and aACLA transgenic lines. 
Parental Phenotype T2 Seed Phenotype Seed Yield 
(mg/plant ± SE)a 
Germination (% ±SE) 
T3 &T4 Seedsb 
Wild-Type Wild-Type 616 + 78 98.5 ± 0.8 
Normal All WT in appearance 
T2 327 ± 27 (63) 
T3 265 ± 22 (43) 
T4 216 ± 22 (34) 
71.5 ± 10.3 
Mild 
Most WT in appearance, but a 
few are yellow or shriveled 
T2109 ± 10 (40) 
T3 97 ±20 (16) 
T , 8 6 ± 2 0  ( 8 )  
28.7 ± 0.9 
Moderate 
A large portion are yellow or 
green, shriveled or smaller 
T2 56 ± 10(37) 
T3 80 ± 13 (40) 
T4 51 ±36 (6) 
52.0 ± 7.5 
Severe 
Almost all smaller, yellow or 
shriveled 
T2 44 ± 10(27) 
T3 10 ± 2(24) 
T4 20 ± 12 (14) 
79.7 ± 11.7 
Very Severe No seeds produced 0 
-
a T2 seeds were collected from 167 independent lines. Number within parentheses designates number of plants 
per category. T3 seed was collected from 1 to 11 plants from 24 independent lines. T4 seed was collected 
from 1 to 9 plants from 13 independent lines. 
b 1 to 5 plants from 15 independent lines were observed. 
Table 3. Retention of aACLA phenotype during screening of 23 lines of 35S:antisense ACLA transgenic plants. 
Segregation of T2 seeds Phenotype of T2 plants T3 seed T3 plants 
A. T2 seeds from non-phenotypica T1 parent 
3 lines non-3:1 kanR:kans ratio -*• 1 line - no visual phenotype -> not further screened 
2 lines - no visual phenotype -*• reduced T3 seed germination 
2 lines with 3:1 kanR:kans ratio 2 lines -no visual phenotype not further screened 
B. T2 seeds from phenotypic^T1 parent 
7 lines >3:1 kanR:kans ratio 6 lines - no phenotype 
2 lines - no visual phenotype 
1 line - phenotype 
not further screened 
reduced T3 seed germination 
11 lines with -3:1 kanR:kans ratio 
(from 1.85:1 to 4.75:1) 
11 lines - phenotypic 3 / 1 1  l i n e s ,  s e e d s  
100% kan* 
reduced germination 
8/11 lines seeds segregate 
3:1 kanR:kans 
No visual 
phenotype 
Phenotypic 
a similar to wild-type in appearance 
b characteristic aACLA phenotype present 
c used for subsequent experiments 
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Table 4. Kanamycin resistance, phenotype, and transgene 
segregate in ratios close to 3:1. 
Number Ratio X2 (p-value)c 
KanamycinR:Kanamycins T2 seed 996:305 3.26:1 1.67 (0.05) 
Phenotypica:Non-Phen T2 plants 72:13 5.54:1 4.22 (0.025) 
PCR+ :PCR T2 plants'3 63:22 2.86:1 0.21 (0.05) 
a Plants showing a mild to very severe aACLA phenotype. 
b PCR+ transgene product amplified; PCR" transgene product not amplified. 
0 Chi-square value and significance level in parentheses with 1 degree of freedom. 
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Table 5. Genes significantly up-regulated in antisense ACLA rosettes (p < 0.01) 
Fold 
Change 
AFGC 
Clone ID 
Accession Annotation 
Amino acid biosynthesis 
3.13 G7A9T7 N96150 
2.15 138I10T7 T46215 
2.04 105I18XP AA585787 
1.51 155E21T7 T88060 
1.91 245M18T7 N97159 
1.55 240116T7 N65620 
1.52 G2A8T7 AA713099 
Delta-1 -pyrroline-5-carboxylate synthetase 
Tryptophan synthase beta chain 
Phosphoglycerate dehydrogenase - like 
Tryptophan synthase alpha chain 
Putative tyrosine aminotransferase 
Anthranilate synthase component I-1 precursor 
Branched-chain alpha keto-acid dehydrogenase 
El alpha subunit 
Carbohydrate metabolism 
2.57 148N24T7 T76263 Putative mitochondrial uncoupling protein 
2.20 244012T7 N97103 Alcohol dehydrogenase 
2.17 91H2T7 T20704 Strong similarity to aldehyde dehydrogenase 
2.16 201021T7 H76731 Beta-amylase 
2.10 131D23T7 T45453 Strong similarity to aldehyde dehydrogenase 
2.00 91M17XP AA586262 Strong similarity to aldehyde dehydrogenase 
1.91 62A1XP AA586066 Annexin 
1.79 221M23T7 N38253 Transaldolase 
1.71 159H2T7 R30301 Phosphoenolpyruvate carboxylase 
1.69 128I6T7 T44638 Enolase 
1.69 64E6T7 R83946 Putative phosphoenolpyruvate carboxylase 
1.66 G3D3T7 AA713105 Phosphoglucomutase 
1.64 108P16T7 T41853 2,3-bisphosphoglycerate-independent 
phosphoglycerate mutase 
1.63 39G6XP AA585993 Sucrose-phosphate synthase-like protein 
1.62 181G24T7 H36990 Similar to sugar transporter 
1.59 204D3T7 H76838 Putative pyruvate kinase 
1.58 E11C11T7 AA041034 Inner mitochondrial membrane protein 
1.55 E8C3T7 AA042732 NADP-dependent malate dehydrogenase 
1.54 87G1XP AI 100404 Putative mitochondrial dicarboxylate carrier 
protein 
1.54 G5B9T7 AA713110 2-oxoglutarate dehydrogenase E2 subunit 
1.52 182N18T7 T45380 Phosphoenolpyruvate carboxylase 
1.51 34E10T7 T04256 Strong similarity to aldehyde dehydrogenase 
1.50 119H9T7 R86787 Putative protein NAC2 
1.49 115E19T7 T44277 Plastidic ATP/ADP-transporter 
1.47 204E19T7 H76840 Fructokinase 
1.40 135L24T7 T46127 ADP-glucose pyrophosphorylase 
1.34 106A13T7 T22046 Annexin 
1.05 76B4XP AA586118 Putative aldehyde dehydrogenase 
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Table 5. (continued) 
Fold AFGC Accession Annotation 
Change Clone ID 
Cell Wall and Cytoskeleton 
2.52 104N20XP AI100113 Putative cinnamyl alcohol dehydrogenase 
2.37 181G8T7 H37433 Putative cinnamoyl CoA reductase 
2.15 F4A4T7 N95980 Polygalacturonase precursor 
2.15 46D2T7 R83934 Actin depolymerizing factor 5 
2.09 118K17T7 T43838 Cinnamyl-alcohol dehydrogenase CADI 
2.07 205B3T7 H77195 Putative cinnamoyl-CoA reductase 
1.98 104N12T7 T22398 Cellulose synthase isolog 
1.71 120D3T7 R87015 Cinnamoyl CoA reductase, putative 
1.49 175B13T7 AA712582 4-coumarate:CoA ligase 2 
1.47 178P4T7 H36404 Pectin methylesterase, putative 
1.42 33E10T7 T04220 Cinnamyl alcohol dehydrogenase - like protein 
Growth and Development 
11.97 MADS 11 Squamosa family txn factor 
2.72 114C12T7 T42565 Cyclin delta-3 
1.78 E5C3T7 AA042254 HY5 
1.38 F10E8T7 N96595 GTP-binding protein-like; root hair defective 3 
protein-like 
1.31 H6G3T7 W43842 Phytochrome A supressor spa 1, putative 
Hormone Metabolism and Synthesis 
Auxin 
3.17 
2.89 
1.90 
1.83 
1.71 
1.53 
132I17T7 
YAP100T7 
G8H12T7 
209D3T7 
205A9T7 
198M23T7 
T45480 
Z17651 
N96361 
AA712942 
H77194 
H76590 
Similar to indole-3-acetate beta-
glucosyltransferase 
Nitrilase 2 
Similar to axi 1 protein 
Highly similar to auxin-induced protein 
(aldo/keto reductase family) 
Nitrilase 2 
Nitrilase 3 
Cytokinin-biosynthesis 
2.28 198N16T7 AA597445 Putative tRNA isopentenyl transferase 
Ethylene 
1.53 162J3T7 R29900 EREBP-4 
Iron-related 
2.54 173N9T7 H36496 
2.24 186G23T7 R90394 
Nicotianamine synthase 
Ferritin 
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Table 5. (continued) 
Fold AFGC Accession Annotation 
Change Clone ID 
Lipid Metabolism 
7.91 315E4T7 AA394848 Nonspecific lipid-transfer protein precursor 
6.56 E12F8T7 AA042679 Nonspecific lipid-transfer protein precursor 
3.71 17808T7 H36395 Nonspecific lipid-transfer protein precursor 
2.69 YAP248T7 Z17770 Lipid transfer protein 2 precursor 
2.67 147C20XP AI 100014 3-keto-acyl-CoA thiolase 2 
2.35 175I7T7 H36601 Nonspecific lipid-transfer protein precursor 
(LTP1) 
2.25 103D18T7 T22249 Strong similarity to lupeol synthase 
2.24 165H5XP AA394774 Gamma-tocophero 1 methyltransferase 
2.17 118F16T7 T43374 Nonspecific lipid-transfer protein precursor 
(LTP1) 
2.10 247L14T7 AA597924 Nonspecific lipid-transfer protein precursor 
1.99 203M12T7 H76805 Lipase/Acylhydrolase with GDSL-motif 
family. 
1.87 K2G10RP AA728427 Acyltransferase 
1.79 E2E8T7 AA040955 Tissue-specific acyl carrier protein isoform 2 
1.78 195C7T7 H76099 CYP94A1 fatty acid omega-hydroxylase 
1.68 99J17T7 R83991 Chloroplast omega-6 fatty acid desaturase 
(fad6) 
1.55 146M12T7 T76331 Omega-6 fatty acid desaturase, endoplasmic 
reticulum (FAD2) 
1.44 119K6T7 T43405 Acyl carrier protein 
1.36 F4D7T7 N96468 GDSL-motif lipase/hydrolase-like protein 
Signal Transduction and Transcription 
6.64 E10G8T7 AA041002 At 14a protein like integrins, signal 
transduction 
3.21 94I24XP AA395618 Atl4a-1 protein 
2.58 165N1T7 R30557 Putative protein,similar to calmodulin 
2.54 65F10T7 T41722 Zinc finger protein 
2.54 109K10T7 T41927 Putative peptide transporter 
2.30 305H10T7 AA394361 NaCl-inducible Ca2+-binding protein 
2.29 88E10T7 AA067595 At 14a protein 
2.24 158N17T7 R29771 Putative calcium-binding EF-hand protein 
2.08 244H16T7 N97077 Dof zinc finger protein 
1.95 99P9T7 T22223 Transcription factor 
1.93 G8F6T7 N96344 Homeobox transcription factor Hox7, 
1.85 E6H4T7 AA042366 DnaJ protein, putative 
1.71 249E9T7 W43276 Adenylate kinase 
1.63 199E17T7 H76609 At 14a protein 
1.62 247F19T7 W43119 Initiation factor 5A-4 
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Table 5. (continued) 
Fold AFGC Accession Annotation 
Change Clone ID 
1.53 121G2T7 T43596 Hypothetical Cys-3-His zinc finger protein 
Stress 
Abscisic Acid 
2.81 157L22T7 R30223 ATHB-12 homeobox-leucine zipper protein 
2.29 166I6T7 R30157 Protein phosphatase 2C ABI2 (PP2C) 
2.20 215K8T7 N38387 ATHB-12 
1.74 H2D5T7 W43590 Protein phosphatase 2C-like 
1.63 G7H10T7 N96283 Protein phosphatase 2C, putative 
1.56 180E12T7 H36868 Protein phosphatase 2C ABI2 (PP2C) 
1.38 172F13T7 H36428 Protein phosphatase 2C ABI2 (PP2C) 
Antioxidant 
3.26 44G9T7 T13991 Glutathione S-transferase 103-1A 
2.57 171N13T7 R65532 Glutathione transferase 
2.42 129P9T7 T45446 L-ascorbate peroxidase 
2.27 81B2T7 T20445 Phospholipid hydroperoxide glutathione 
peroxidase-like protein 
2.26 120J8T7 AA721928 L-ascorbate peroxidase precursor (fragment) 
2.24 187G5T7 R89992 L-ascorbate peroxidase precursor (fragment) 
2.16 172P7T7 AA712565 L-ascorbate peroxidase precursor (fragment) 
2.15 161P17T7 R29844 L-ascorbate peroxidase precursor (fragment) 
2.14 223L16T7 N64977 L-ascorbate peroxidase precursor (fragment) 
2.08 217F1T7 N38059 Glutathione transferase 
2.07 106F1T7 T22083 Glutathione reductase, cytosolic 
2.03 107J19T7 T22571 ABC transporter, similar to AtMRP4 (transport 
of glutathione-conjugates into the vacuole) 
2.03 93B10T7 T21209 L-ascorbate peroxidase precursor (fragment) 
1.98 E2E3T7 AA041174 Putative glutathione transferase 
1.96 106F1XP AI100154 Glutathione reductase, cytosolic 
1.78 208D22T7 N37136 GSH-dependent dehydroascorbate reductase 1, 
1.76 177H3T7 H36300 Peroxiredoxin TPxl 
1.70 117F1T7 T43295 Glutathione transferase 
1.64 211M11T7 N37844 Ascorbate free radical reductase 
1.61 110P7T7 T42186 Superoxidase dismutase 
1.55 120E11T7 R87016 Peroxidase 
Desiccation 
3.63 128A10T7 T44623 
3.36 31G2T7 T04747 
3.28 146E13T7 R84086 
RD29A=responsive-to-dessication protein 
RD29A=responsive-to-dessication protein 
Dehydrin RAB18 
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Table 5. (continued) 
Fold AFGC Accession Annotation 
Change Clone ID 
2.97 162M5T7 R29929 drought-induced protein Di21 
2.66 119A7T7 T43202 Osmotin-like protein OSM34 precursor 
2.25 202K22T7 H77041 DREB2A 
1.70 198F21T7 H76238 ARSK1 putative protein kinase - ST pathway 
of osmotic stress 
1.68 204H2T7 H76850 Osmotin-like protein OSM34 precursor 
1.63 176010T7 H36258 Drought-inducible cysteine proteinase RD21A 
precursor-like protein 
1.61 244117T7 N97081 Putative trehalose-6-phosphate phosphatase 
1.37 171H24T7 R65492 membrane-associated salt-inducible protein 
like 
Flavonoid 
5.01 187C23T7 R89978 Chalcone synthase 
3.16 123020T7 T44308 Flavanone 3-hydroxylase 
2.32 163N13T7 AA720313 2-hydroxyisoflavone reductase, putative 
2.09 17805T7 H36393 Isoflavone reductase-like protein 
1.65 193A6T7 H76330 Unknown protein contains similarity to 
flavonol-induced pollen germination protein 
1.28 34H9T7 T04269 Chalcone synthase 
1.21 177N23T7 H36324 Chalcone synthase 
Heat-Shock 
2.70 G5C8T7 N96136 At-hsc70-3 heat-shock protein 
2.46 204P1T7 H76891 Heat shock protein 
2.45 110K12T7 T42124 Heat shock protein 81-2 
2.44 207C4T7 N37613 Heat shock protein 81-2 
2.04 124D8T7 T44319 Heat shock protein 81-2 
2.00 246022T7 AA042551 Putative small heat shock protein 
2.00 227G22T7 N65099 Heat shock protein 81-2 
2.00 161F11T7 R29801 Heat shock protein 83 
1.98 179N23T7 H36843 Heat shock cognate 70 KD protein 1 
1.87 163M11T7 R84198 Heat shock cognate 70 KD protein 1 
1.86 172K10T7 H36004 Heat shock cognate 70 KD protein 1 
1.76 110L18T7 T42139 Heat shock cognate 70 KD protein 1 
1.71 151020T7 T76447 Heat shock cognate 70 KD protein 1 
1.61 120G22T7 AA721920 Heat shock cognate 70 KD protein 1 
1.54 3A4T7P T04782 Heat shock 70-related protein 1, mitochondrial 
precursor 
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Table 5. (continued) 
Fold AFGC Accession Annotation 
Change Clone ID 
Jasmonic Acid 
2.76 215J18T7 N38383 jasmonate inducible protein isolog 
2.16 295D9T7 AA395846 Putative tyrosine aminotransferase 
2.88 8G5T7P T04830 jasmonate inducible protein isolog 
Stress / ETC 
7.28 174P5T7 H36160 Early light-induced protein; ELIP 
5.02 108B11T7 T22906 Vegetative storage protein 
4.99 283B9T7 AA650783 Vegetative storage protein 
3.58 292C2T7 AA394803 Nip 2 interacts with Bcl-2 (apoptotic mediator) 
3.21 114D3XP AA395102 Vegetative storage protein 
3.07 34B11T7 T04240 Putative beta-glucosidase, prunasin hydrolase 
2.97 E5E2T7 AA042093 Putative major latex protein 
2.95 PAP065 Z27258 Cysteine-rich antifungal protin 1 precursor 
(AFP1) anther-specific protein homolog 
2.70 146L16T7 R84102 ATAF1 protein 
2.60 270B3T7 AA651510 Thioglucosidase 
2.49 181F8T7 H37429 Putative catechol O-methyltransferase 
2.40 290H10T7 AA395776 Putative catechol O-methyltransferase 
2.21 129L9T7 T45675 Plantacyanin 
2.18 H3C1T7 W43645 Lipoxygenase 1 
2.18 133M21T7 T45537 Metallothionein-like protein 2A 
2.12 115N21T7 T43149 TXBP151 - A20-binding protein involved in 
mediating anti-apoptotic activity of A20 
1.96 37F10T7 T04323 Putative antifungal protein 
1.92 92G1T7 AA067518 Basic endochitinase 
1.83 115D3T7 T42623 Putative major latex protein 
1.82 157E12T7 T88174 Cysteine-rich antifungal protin 1 precursor 
(AFP1) anther-specific protein homolog 
1.81 180G7T7 H37373 Outer membrane lipoprotein BLC precursor 
1.76 40H4T7 T04443 Endo-beta-1,4-glucanase 
1.74 E8B5T7 AA042723 Member of the cupin gene family that includes 
germins, germin-like proteins, and plant 
storage proteins 
1.74 181017T7 H37034 Similar to harpin-induced protein hinl 
1.71 207N19T7 AA712937 Metallothionein-like protein 1A 
1.69 157N14T7 R84146 Germin-like protein 
1.52 161A12T7 T88657 SAR DNA binding protein 
1.47 113K17XP AA395068 Pollen allergen-like protein similar to major 
allergen Bet v 1 
1.34 182L21XP AA651387 Putative purple acid phosphatase 
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ETC 
3.45 204L23T7 H76866 Putative cytochrome P450 
3.41 H10F12T7 AA042463 Putative protein 
3.10 212L20T7 N38333 Trypsin inhibitor propeptide 
2.84 169I18T7 R65327 Putative protein MtN19 
2.71 124P16T7 T44808 unknown protein similar to diphosphoinositol 
polyphosphate phosphohydrolase 
2.47 246P12T7 AA597915 AtPP -like protein AtPP protein 
2.43 212B8T7 N37862 SOUL-like protein 
2.35 138E16T7 T46201 MtN19 
2.34 158K21XP AI099613 Myo-inositol-1 -phosphate synthase 
2.34 123C2XP AA395391 Putative glycine-rich protein 
2.34 181F2XP AA651342 putative peptide transporter 
2.30 220L3T7 N38192 Putative protein disulfide isomerase precursor 
2.29 88E10T7 AA067595 At 14a protein 
2.27 185A20T7 H37671 Beta-glucosidase 
2.26 75B9T7 T45398 OxcA 
2.25 H8E12T7 AA042387 Oxygenase 
2.18 125017T7 T44501 B2 protein 
2.17 G3D10T7 N96727 Putative protein Norbin 
2.13 116J11T7 T42754 Putative protein disulfide isomerase precursor 
2.13 119P20XP AA395293 T7N9.10 Arabidopsis 
2.13 36D2T7 T04481 Transformer-SR ribonucleoprotein, putative 
2.11 142B16T7 T75647 Strong similarity extracellular dermal 
glycoprotein (EDGP) precursor 
2.03 - T22007 putative amino acid or GABA permease 
2.02 201N20T7 H76724 Strong similarity to extracellular dermal 
glycoprotein (EDGP) precursor 
2.01 138C14T7 T46192 MtN19 
1.92 201L13T7 H77009 GMP-synthase like protein 
1.90 184N5T7 H37657 Reversibly glycosylated polypeptide-1 
1.87 76E7T7 T21459 Sulfate transporter 
1.87 H3B4T7 W43639 Similar to dTDP-D-glucose 4,6-dehydratase 
1.86 169L7T7 R65342 Putative dioxygenase 
1.85 121G21T7 T43595 Putative protein proteophosphoglycan, 
1.84 144H18T7 T76575 Putative glucosyltransferase 
1.84 114J9T7 T43022 Serine carboxypeptidase precursor 
1.84 TCH3 Mechanical stimulation induced 
1.80 E2G6T7 AA041180 60S ribosomal protein L10, 
1.80 217E21T7 AA712961 At-hsc70-3 
1.79 202J7T7 H76775 Putative protein disulfide-isomerase 
1.74 139K15T7 R84078 Putative protein disulfide-isomerase 
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1.74 160L1T7 T88639 60S ribosomal protein L10 
1.73 98A9T7 T21765 MtN19 
1.73 182N18T7 H37075 Putative protein 
1.73 G11D9T7 W43196 S-adenosyl-L-homocysteinas, putative 
1.72 E8G4T7 AA042776 60S ribosomal protein L27 
1.68 125E16T7 T44423 Peptidyl-prolyl cis-trans isomerase 
1.67 E1D7T7 AA041085 ATEM1.5 putative nuclear DNA-binding 
protein G2p 
1.61 134C20T7 T45555 Reticuline oxidase-like protein 
1.59 E2A12T7 AA041127 Putative protein 
1.58 H1 + - Histone 
1.55 276A12T7 AA650643 Ribosomal protein S19 
1.53 162I9T7 R29890 Bax inhibitor-1 like 
1.52 H1F4T7 W43529 RNA helicase 
1.50 151D20XP AA394610 Putative protein pyruvate water dikinase, 
1.40 103021T7 T21874 hnRNP-like protein 
1.39 H2H12T7 W43620 Strong similarity to MRP-like ABC transporter 
1.39 181D14T7 H36956 Putative cytochrome P450 
1.35 G8D11T7 N96318 ATPK10 
1.33 G1G11T7 N96111 Beta-glucosidase 
1.32 G7G8T7 N96282 Putative protein contains similarity to auxin-
independent growth promoter 
1.30 225D14T7 N65029 MtN19 
1.23 114016XP AA395121 Cytochrome P450-like protein 
Table 6. Genes significantly down-regulated in antisense ACLA rosettes (p < 0.01) 
Fold AFGC Accession Annotation 
Change Clone ID 
Carbohydrate metabolism 
-3.41 162C6T7 R29861 2A6 protein, similar to a large family of 2-
oxoglutarate-dependent dioxygenases 
-2.58 171P10T7 R65119 Glucose transporter 
-2.53 314D1T7 AA394895 AKIN beta 1 subunit - sucrose phosphate 
synthase-peptide kinase, 
-2.46 194M2T7 H76076 Pyruvate kinase 
-1.47 143013XP AA404794 Invertase, putative similar to neutral invertase 
Cell Wall and Cytoskeleton 
-3.26 H5D4T7 W43554 Putative protein microtubule-associated protein 
homolog 
-3.09 H5A10T7 W43767 Xylosidase 
-2.85 H8F4T7 AA042392 Beta-xylosidase, putative 
-2.78 G1G9T7 N96119 Xylosidase 
-2.53 184C4T7 H37621 Beta-xylosidase, 
-2.48 183L14T7 H37097 Xylosidase 
-2.48 E7B11T7 AA042690 Xylosidase 
-2.46 H2B7T7 W43574 Putative protein microtubule-associated protein 
homolog 
-2.37 215B6T7 N37996 Putative polygalacturonase 
-2.24 114A17T7 T42547 Endoxyloglucan transferase 
-2.23 120N3T7 T43990 Endo-xyloglucan transferase 
-2.23 178K1XP AA651263 Putative polygalacturonase 
-2.20 G6D7T7 N96880 Beta-xylosidase 
-2.03 F4A12T7 N95978 Xyloglucan endo-transglycosylase-like protein 
-1.88 104M7T7 T21988 Endoxyloglucan transferase 
-1.63 E11E7T7 AA598192 Pectate lyase like protein 
-1.60 192P1T7 H75991 Tubulin Beta-5 Chain 
-1.49 163E9XP AA394661 Polygalacturonase, putative 
-1.47 119I20T7 T42965 Xylose isomerase 
-1.36 188E16T7 AA712315 Tubulin Alpha-3/Alpha-5 Chain 
Flavonoid 
-1.48 143D20T7 T46392 Cytochrome P450 - like protein flavonoid 3',5'-
hydroxylase Hfl 
Growth and development 
-2.27 H10D1T7 AA042449 Putative phytochrome A 
-2.26 99013T7 T22608 Senescence-associated protein senl 
-2.19 H6E7T7 W43836 Putative phytochrome A 
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-2.13 H3G4T7 W43664 Nonphototropic hypocotyl 1 
-2.02 126B2T7 T44868 CONSTANS-like protein 2 
-1.97 F3A10T7 N95892 CONSTANS-like B-box zinc finger protein-
-1.83 173K2T7 H36089 Senescence-associated protein senl 
-1.77 198K19T7 AA597437 CONSTANS-like B-box zinc finger protein 
-1.72 91A19T7 T20944 Phytochrome A 
-1.69 116E2T7 AA721904 Senescence-associated protein senl 
-1.62 37E5T7 T04320 AP2 domain containing protein RAP2.3 
-1.62 207E9T7 N37626 Squamosa-promoter binding protein like 3 
-1.57 182F23T7 H37496 AP2 domain containing protein RAP2.3 
-1.49 191J6T7 AA712347 AP2 domain containing protein RAP2.3 
-1.46 192J2T7 R90324 Senescence-associated protein 5-like protein 
-1.10 214A8T7 N37952 Senescence-associated protein senl 
Hormone 
Auxin 
-2.08 IAA6 - IAA6 
-1.93 IAA7 - IAA7 
-1.83 109E18T7 T41867 AUX1 
-1.82 46C5T7 T14064 IAA7 protein 
-1.76 E8D3T7 AA042741 Putative auxin-induced protein AUX2-11 
Match to Arabidopsis IAA3 
-1.66 162B21T7 AA720254 Putative auxin-regulated protein 
-1.63 170Q22T7 R65430 ADR11-2 protein 
-1.58 212M10T7 N38336 Putative auxin-regulated protein 
-1.57 IAA16 - IAA16 
-1.50 188I11T7 AA712207 Putative auxin-regulated protein 
-1.49 K4F7TP AA728693 Putative auxin-regulated protein 
-1.42 23D11T7 T04705 Putative auxin-regulated protein 
Gibberellin 
-1.31 174J11T7 H36141 GAST1 protein homolog (clone GASA1 
-1.72 107E8XP AA585828 Signal response protein (GAI) identical to GAI 
Lipid Metabolism 
-1.97 G8F12T7 N96338 Strong similarity to lupeol synthase 
-1.84 240F18T7 N65612 Lipase/Acylhydrolase with GDSL-like motif; 
Membrane proteins 
-4.29 H5C4T7 W43547 Exportinl (XPOl) protein ; 
-3.03 206H6T7 N37181 Delta tonoplast integral protein (delta-TIP) 
-2.64 99021T7 T22609 Delta tonoplast integral protein (delta-TIP) 
-2.28 94E5T7 T20827 Delta tonoplast integral protein (delta-TIP) 
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-2.14 114E23T7 T42980 Gamma tonoplast intrinsic protein 
-2.10 77A8T7 T45136 Membrane channel like protein 
-2.00 103B23T7 T22237 Gamma tonoplast intrinsic protein (TIP2) 
-2.00 127K23T7 T44957 Gamma tonoplast intrinsic protein (TIP2) 
-1.83 156E17T7 AA720197 Gamma tonoplast intrinsic protein (TIP2) 
-1.80 213K4T7 N37491 Gamma tonoplast intrinsic protein nearly 
identical (TIP2) 
-1.72 113F8T7 T42417 Gamma tonoplast intrinsic protein (TIP2) salt-
stressed induced 
-1.65 181I7T7 H37007 10 delta tonoplast integral protein (delta-TIP) 
-1.57 94P14T7 T21060 Gamma tonoplast intrinsic protein (TIP2) salt-
stressed induced 
Photosynthesis 
-3.06 G12H3T7 W43521 Photosystem II 44 kD reaction center protein 
precursor (P6 protein) 
-3.01 211I3T7 N37414 Photosystem Q(B) protein (Dl), 32 kD 
thylakoid membrane protein 
-2.99 F1F4T7 N96425 Dl protein 
-2.29 E12D2T7 AA042666 Light-inducible protein CPRF-2 
-1.36 49A9T7 T14185 PSI type III chlorophyll a/b-binding protein 
-1.35 118H9T7 T42950 Chlorophyll A-B binding protein 2 precursor 
(LHCII TYPE I CAB-2) 
-1.34 241J3T7 N97316 Chlorophyll a/b-binding protein-like 
-1.31 116I22T7 T42748 Protein IB,chlorophyll binding 
-1.29 115E22T7 AA657320 Chlorophyll A-B binding protein 165/180 
precursor (LHCII TYPE I CAB-165/180) 
-1.28 214M10T7 AA712983 Photosystem II oxygen-evolving complex 
protein 3-like 
-1.28 45E2T7 T14028 Lhcb4.2 protein 
-1.26 158L18M4 R84157 Photosystem II oxygen-evolving complex 
protein 3-like 
-1.23 63A8T7 T41667 Ribulose bisphosphate carboxylase/oxygenase 
activase 
-1.23 89C16T7 T20888 Photosystem II oxygen-evolving complex 
protein 3-like 
-1.18 160H2T7 T88629 Chlorophyll A-B binding protein 165/180 
precursor (LHCII TYPE I CAB-165/180) 
-1.13 210L10T7 N37794 Photosystem II 10 kD polypeptide precursor 
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Nitrogen / Phosphorous metabolism 
-2.40 129L3XP A A394491 Putative purple acid phosphatase 
-2.29 G7C11T7 N96256 Putative acetolactate synthase 
-2.05 179I17T7 H37289 Amino acid transporter AAP4 
-1.90 158P16T7 AA720239 Phi-1 
-1.86 182G2T7 H37502 Pepetide transporter PTR2-B (histidine 
transporting protein) 
-1.83 86G11T7 T20543 Phi-1 
-1.83 162D11T7 R29862 Nitrate/chlorate transporter 
-1.60 163H1T7 R65176 Phi-1 
-1.53 F2B9T7 N96457 Phi-1-like protein 
-1.51 158P17T7 AA720240 Phi-1 
Signal Transduction and Transcription 
-2.02 39H2TT AA728583 Putative zinc finger protein 
-1.96 35H8T7 T04473 Polypyrimidine tract-binding protein homolog 
-1.92 94021T7 T21564 Putative receptor protein kinase TMK1 
precursor 
-1.90 E4E5T7 AA042218 Putative protein polyphosphoinositide binding 
protein Ssh2 
-1.89 149C22T7 AA720132 J8-like protein similar to DnaJ homologue 
-1.88 92F7T7 T20750 Serine/threonine protein kinase 
-1.84 227A11T7 N65096 Putative RNA-binding protein 
-1.82 154G16T7 AA720149 Putative myc-like DNA-binding protein 
-1.67 G8A1T7 N96293 Protein kinase, putative contains Pfam profile 
-1.64 F2D3T7 N96487 Putative protein probable transcription 
regulator protein 
-1.57 185J24T7 H37188 J8-like protein similar to DnaJ homologue 
-1.56 162H10T7 R30429 Hypothetical EIF-2-Alpha 
-1.51 161E21XP AI 100687 Putative protein probable transcription 
regulator protein 
-1.46 168L21T7 AA720329 J8-like protein similar to DnaJ homologue 
-1.35 190K20T7 AA712432 14-3-3- like protein GF14 LAMBDA 
-1.35 177I21T7 H36693 14-3-3- like protein GF14 LAMBDA 
-1.34 140H17T7 AA720096 J8-like protein similar to DnaJ homologue 
-1.33 38H8T7 T04551 14-3-3-like protein GF14 KAPPA 
-1.29 228A9T7 N65401 Homeobox-leucine zipper protein HAT5 
Stress 
-2.36 VBVBC10 Z30804 Germin-like protein 
-2.33 36C11T7 T04295 Lectin-like protein 
-2.02 185N8T7 R90376 Thioredoxin-like 5 
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-1.94 YAP091T7 Z17644 Germin-like protein 
-1.86 178G21T7 H36759 Germin-like protein 
-1.72 G4C2T7 N96662 Strong similarity to ascorbate oxidase-related 
protein PS60 from Nicotiana tabacum 
-1.60 E2F12T7 AA040958 Germin-like protein 
-1.50 YAP134T Z17674 Germin-like protein 
-1.41 61A12T7 R83938 Peroxidase ATP2a 
-1.32 159K18T7 R30328 Class I chitinase, putative 
-1.29 203J15T7 H76798 Wound-induced protein 1 
-1.26 E8E6T7 AA042754 Germin-like protein 
ETC 
-3.50 123014T7 AA721805 Beta-galactosidase precursor (lactase) (exo-(l— 
>4)-beta-D-galactanase) 
-3.36 160J11T7 T88307 Beta-galactosidase 
-3.08 49D9T7 T14193 Putative proline-rich protein 
-2.87 212I9T7 N37457 Putative beta-galactosidase 
-2.72 118D5XP AA395232 Subtilisin-like serine protease contains 
similarity to SBT1 
-2.60 165L7XP AA394793 Nodulin-like protein 
-2.44 E4G4T7 AA042235 Putative proline-rich protein 
-2.42 214M6T7 N38368 Similar to neuronal kinesin heavy chain from 
Homo sapiens 
-2.11 123G12T7 R87008 Contains the PF|00650 CRAL/TRIO 
phosphatidyl-inositol-transfer protein domain. 
-1.98 H2G4T7 W43613 Villin 2 
-1.98 188G14T7 R90058 Putative galactosidase 
-1.83 173I24T7 H36486 Acid phosphatase 
-1.77 178C16T7 H36345 ORF_o567 [Escherichia coli] 
-1.76 176B3T7 H36223 Amine acid permease 
-1.75 176K14T7 H36658 Nodulin-like protein similar to MtN21 from 
(Medicago truncatula) 
-1.75 43E7T7 T13918 Putative protein 
-1.72 242F10T7 N96976 WD-repeat protein-like 
-1.70 217P11T7 N38445 Cytochrome P450 
-1.68 109J2T7 T41921 Putative protein Betl homolog 
-1.67 161A22T7 AA720187 Dormancy-associated protein 
-1.67 172B8T7 H35961 EDGP 
-1.65 12509T7 T44509 Putative protein - SAUR 
-1.62 VBVSB07 Z29917 Stelar K+ outward rectifying channel 
-1.62 94L12T7 T21047 Seed imbitition protein-like Sipl 
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-1.60 177K9T7 H36707 Putative protein contains similarity to 
Ribosomal protein 30S subunit 
-1.56 185B17T7 H37681 Arginine methytransferase (paml) 
-1.55 207M21T7 N37221 Cytochrome P450 
-1.53 G1H11T7 N96120 Proline iminopeptidase 
-1.52 G9H3T7 N95863 Putative similar to 19S proteosome subunit 9 
-1.51 230I2T7 N65494 Cytochrome P450 
-1.48 G2F5T7 N96683 Peptide transporter, putative similar to PTR2-B 
-1.43 E12D8T7 AA042669 Anther-specific proline-rich protein-like APG 
-1.41 41A10T7 T13789 Plasma membrane intrinsic protein lc, putative 
-1.41 219D15T7 N38515 MTN3 homolog 
-1.40 11408T7 T42687 Like mRNA binding protein precursor 
(chloroplast protein) 
-1.39 F7G10T7 N96011 Reticuline oxidase-like protein 
-1.39 72D11T7 T45350 Dormancy-associated protein 
-1.38 202018T7 H76781 Putative protein with poly glutamic acid stretch 
hypothetical protein 
-1.38 F1A8T7 N96373 G6p 
-1.37 270C8T7 AA651513 Putative glucosyltransferase 
-1.36 240M22T7 N65907 Cytochrome P450 like protein 
-1.34 141F6XP AA404835 Isomerase like protein 
-1.31 15102T7 T76449 Ras-related proteinRAB7 
-1.30 192B4T7 AA712360 Flower pigmentation protein ATAN 11 
-1.25 2F4T7P T04182 Protein similarity to cytocrhome b561 
-1.20 210A22T7 N37334 Putative glucosyltransferase 
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CHAPTER 4. BIOCHEMICAL COMPLEMENTATION OF THE 
ANTISENSE ATP-CITRATE LYASE PHENOTYPE 
A paper to be submitted to Plant Physiology 
Beth L Fatland, Hilal Ilarslan, Basil J Nikolau, Eve Syrkin Wurtele 
Abstract 
Acetyl-CoA plays a compulsory role in primary metabolism and is imperative for the 
biosynthesis of many phytochemicals essential to plant growth and development including: 
flavonoids, stilbenoids, isoprenoids, sterols, elongated fatty acids, malonyl derivatives, and 
malonic acid. Plants have several routes for generating acetyl-CoA. ATP-citrate lyase 
(ACL) is a cytosolic enzyme composed of the ACLA and ACLB subunits that catalyzes the 
ATP-dependent reaction between citrate and CoA to form oxaloacetate and acetyl-CoA. 
Antisense ACLA plants with reduced levels of ACL activity are dwarfs and have a severe 
phenotype. Anti-ACLA plants treated with malonic acid, squalene, cholesterol, sitosterol and 
stigmasterol demonstrate phenotypic reversion, while plants treated with epibrassinolide and 
campesterol are not dramatically different from ACLA control plants. These data indicate 
that a reduction in ACL activity places restrictions on the cytosolic acetyl-CoA pool and flow 
from this pool. 
Introduction 
Acetyl-CoA plays an essential role in fatty acid biosynthesis in plastids and energy 
production in the mitochondrial TCA cycle. In addition to these primary metabolic roles, 
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acetyl-CoA is also required for the biosynthesis of many phytochemicals essential to plant 
growth and development including: flavonoids, stilbenoids, isoprenoids, elongated fatty 
acids, malonyl derivatives, and malonic acid (Fatland et al., 2002). Since acetyl-CoA is 
membrane-impermeable (Liedvogel and Stumpf, 1982) and required for a plethora of 
metabolic processes in at least four different compartments, synthesis is thought to occur in 
the subcellular compartment where it is required (Fatland et al., 2002). If so, there would be 
at least four acetyl-CoA-generating compartments with corresponding pools of acetyl-CoA: 
mitochondria, plastids, microbodies and cytosol. In plants, acetyl-CoA precursors include 
acetate (Millerd and Bonner, 1954; Kuhn et al., 1981; Liedvogel and Stumpf, 1982; 
Masterson et al., 1990; Roughan et al., 1993; and Cui et al., 1996), pyruvate (Reid et al., 
1975; Williams and Randall, 1979; Camp and Randall, 1985; and Smith et al., 1993) and 
citrate (Nelson and Rinne, 1975; Fritsch and Beevers, 1979; Kaethner and ap Rees, 1985; 
Ratledge et al., 1997; and Fatland et al., 2002). The physiological and developmental roles 
of each acetyl-CoA precursor remain unclear. 
Cytosolic acetyl-CoA is an essential precursor for many primary and secondary 
metabolic pathways. In animals, cytosolic ACL-derived acetyl-CoA is used for the 
production of fatty acids and cholesterol. In plants, the only well-documented mechanism to 
generate cytosolic acetyl-CoA is via ATP-citrate lyase (ACL) (Kaethner and ap Rees, 1985; 
and Fatland et al., 2002). ATP-citrate lyase (ACL) catalyzes the ATP-dependent reaction 
between citrate and CoA to form oxaloacetate and acetyl-CoA. 
ACL activity, as well as the ACLA and ACLB polypeptides, are cytosolic, and no ACL 
activity or polypeptides are detected in purified plastids, mitchondria or microbodies, 
(Kaethner and ap Rees, 1985; Fatland et al., 2002). Antisense ACLA plants (herein referred 
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to as anti-ACLA plants) with reduced levels of ACL activity are profoundly reduced in size 
due to miniaturized organs, leaves, roots, floral organs, and stems; cells are proportionally 
reduced in size in all dimensions (Fatland et al., 2003). The complex, dark-green dwarf 
phenotype of the anti-ACLA plants also includes a reduced apical dominance, increased time 
to flowering, and a reduction in fertility. These anti-viCL4 attributes mirror the benchmark 
traits observed in other dwarf plants having reduced levels of sterols (Fatland et al., 2003). 
Anti-ACLA plants also possess aberrant plastid morphology, and reduced accumulation of 
two classes of compounds derived from cytosolic acetyl-CoA, cuticular waxes and seed-coat 
flavonoids. Anti-ACLA plants have characteristics of stress, such as greater amounts of 
anthocyanin, carotenoids and starch. Multiple stress-related mRNAs are elevated (Fatland et 
al., 2003). Plants with about 50% of wild-type ACL activity have a severe dwarf phenotype, 
indicating that no other source of acetyl-CoA can compensate for this deficiency. Because 
cytosolic acetyl-CoA is required for the biosynthesis of multiple metabolites, it is not 
surprising that lack of ACL results in a pleiotropic effect that produces a profoundly altered 
phenotype. The anti-,4CL4 phenotype is most similar to plants deficient in sterols due to 
mutations in the steps between cycloartenol and 24-methylene lophenol segment of sterol 
biosynthesis, and unlike plants deficient in brassinolides they have no problem with cell 
elongation. In this study we identify two classes of compounds that can alleviate the 
characteristic phenotype of the anti-ACLA plants. Microarray analysis has been employed to 
differentiate potentially limiting cytosolic acetyl-CoA-derived metabolites and determine in 
which direction the metabolic network has been stretched. 
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Results 
As little as a 25% to 50% reduction in ACL activity has a profound impact on plant 
development as is observed in the dwarf anti-v* CL4 plants (Fatland et al., 2003). Many 
essential biosynthetic pathways draw substrate from the cytosolic pool of acetyl-CoA. Thus, 
the deleterious effect is probably the combined result of the lack of acetyl-CoA required for 
many pathways. To begin to dissect this complex effect, and test the hypothesis that anti-
ACLA plants are lacking one or more acetyl-CoA-related derived compounds, anti-ACLA 
plants with a severe phenotype were treated with a variety of metabolites (Fig. 1) known to 
require cytosolic acetyl-CoA for their production. Plants were measured and the phenotype 
was recorded both before and after treatment. The percentage of increase in rosette diameter 
was calculated from the difference in rosette diameter before and after treatment compared to 
the final rosette diameter. Final rosette fresh weights (FW) were also recorded. Treatment 
with acetate, acetoacetate, amino acids, cysteine, mevalonate, O-acetyl-serine, oxaloacetate, 
phosphoenolpyruvate, quercetin, 2,4 D did not result in a recovery of phenotype (data not 
shown), and no further experiments were initiated with these compounds. 
Treatment with malonic acid alleviates the characteristic phenotype of a subset of anti-
ACLA plants. 
38 of 92 anti-v4 CL4 plants responded to treatment with 10 |xM MA by reverting to a wild-
type or near-wild-type rosette diameter. Rosette growth rate in this subset of MA-treated 
plants was significantly increased; surpassing control anti-ACLA plants (treated with water or 
not treated) and also surpassing MA-treated WT plants (Fig. 2A). In addition, MA-treated 
anti-,4 CL4 plants had an increase in rosette fresh weight (Fig. 2B), were larger and lighter in 
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color (Fig. 2C), and when iodine-potassium iodide stained, stained less intense than control 
anti-ACLA plants (Fig. 2D). 
This phenotypic reversion is illustrated in photographs of the same anti-ACLA plant taken 
before (Fig. 3A and B) and after (Fig. 3C and D) MA treatment. The increase in rosette 
growth of MA-treated anti-ACLA plants can be attributed to an increase in leaf size (Fig. 3D). 
Additionally, the lightening of color of the anti-,4 CL4 plants after MA-treatment indicates a 
possible reduction in anthocyanin accumulation and alleviation of metabolic stress. MA has 
no detectable effect on WT phenotype (Fig. 3E to H). Combined, these results indicate that 
the morphological phenotype of anti-v4 CL4 plants can be alleviated in a subset of phenotypic 
plants ten days after treatment with 10 |jM malonic acid. 
MA reverses the reduced cuticular wax phenotype of anti-ACLA. 
Anti-ACLA plants have a severe reduction in cuticular wax (Fatland et al., 2003). Stems 
from MA-treated anti-ACLA plants had a duller epidermal surface than untreated anti-ACLA 
stems indicative of a gain of epicuticular wax. To determine if epicuticular wax deposition 
was restored in anti-ACLA plants, scanning electron microscopy was used to survey the 
epidermal surface. Inflorescence stems of anti-ACLA and WT plants were measured. These 
plants were treated with 10 juM MA or left untreated and observed 14 days later. 
The epidermal surface of the upper region of the stem from water- and MA-treated and 
anti-,4 CL4 plants are strikingly different; those treated with MA show a restoration of 
epicuticular wax (Figs. 4F vs. H). In contrast, anti-ACLA basal stem segments, which were 
already fully elongated before MA was applied, show no increase in epicuticular wax 
accumulation (Fig 4G) 
Epicuticular wax (surface wax) and cuticular wax (wax embedded in the cuticle) were 
extracted from inflorescent stems of WT and anti-ACLA plants using chloroform, and 
quantified by gas chromatography. A preliminary experiment indicates that the quantity of 
cuticular and epicuticular wax on both WT and anti-ACLA stems increases upon MA 
treatment (Appendix C). MA treatment increases cuticular wax accumulation in anti-ACLA 
plants to near normal levels. 
GeneChip microarrays reveal significant changes in mRNA accumulation in anti-ACLA 
plants. 
Global alterations in gene expression due to a reduction in ACL activity and changes in 
this accumulation due to MA treatment were assessed by Affymetrix GeneChip microarray 
analysis (Arabidopsis Genome Array). Wild-type plants and anti-,4CL4 plants were treated 
with 10 ^M malonic acid at 16 DAI. Rosettes from treated and untreated controls were 
harvested at 26 DAI for mRNA analysis. 
Expression data from WT and anti-v4 CL4 untreated plants were compared to identify 
mRNAs that were at least two-fold higher in untreated anti-ACLA plants. Three-hundred and 
twenty-two mRNAs showed a 2-fold or greater accumulation in anti-v4 CL4 plants compared 
to wild-type plants; these were categorized by function (Table 2). Multiple mRNAs 
implicated during the response to osmotic stress, heat shock, oxidative stress and pathogens 
were elevated in anti-v4CL4 plants. Several mRNAs induced by the stress-related hormone 
abscisic acid are also elevated in anti-ACLA plants. These increases in transcripts of stress-
related genes in plants with reduced ACL activity indicate that ACL or ACL-derived 
products derived from cytosolic acetyl-CoA have an essential role in maintaining normal 
plant growth, development and homeostasis. 
Expression of genes in several major types of metabolic pathways including amino acid, 
carbohydrate and lipid metabolism are affected. mRNAs of genes involved in the 
metabolism of the amino acids proline, methionine and tryptophan are up-regulated in anti-
ACLA plants. Additionally, mRNAs of an «-amylase (involved in starch degradation)-like 
protein and a subunit of ADP-glucose pyrophosphorylase, the major regulatory enzyme in 
starch biosynthesis, are elevated (11.35 and 3.14 fold respectively), as are several mRNAs 
linked to sugar metabolism and transport. Elevated levels of multiple mRNAs related to 
synthesis of components of cell walls components including cellulose, pectin and xyloglucan 
are also elevated. A variety of mRNAs involved in lipid anabolism, such as an acyl carrier 
protein, a thioesterase and a fatty acid synthase; and lipid catabolism, such as phospholipase 
and peroxisomal keto-acyl-CoA thiolase, are elevated in anti-,4CL4 plants. Accumulation of 
lupeol synthase mRNAs of isoprenoid-related metabolism mRNAs also increase. mRNAs 
encoding proteins related to light harvesting genes are up-regulated in anti-A CLA plants, 
including the NADPH:protochlorophyllide oxidoreductase B, involved in synthesizing 
chlorophyll precursors; lumindependens, related to the sensing of day-length; light-
harvesting complex proteins; and phytochrome E. 
Thirty-two genes are up-regulated in untreated anti-ACLA plants, but revert to wild-type 
expression levels following MA treatment (Fig. 5A). mRNAs within the selected subset 
show relatively little change in normalized intensity before and after MA treatment of WT 
plants, while mRNAs with increased accumulation in anti-ACLA plants are two-fold less 
after MA treatment. Accumulation of these mRNAs is represented graphically (Fig. 5B). 
The 32 mRNAs are involved in several pathways (Table 3). The mRNAs for alpha-amylase-
like protein; protochlorophyllide oxidoreductase B involved in chlorophyll biosynthesis; and 
multiple auxin responsive genes all return to lower levels after MA treatment. Multiple 
genes required for growth such as replication protein Al, an endo-polygalacturonase gene 
required for cell wall restructure during growth, and an expansin return to lower levels as 
well. 
Two-hundred and twenty-one mRNAs were at least two-fold lower in untreated anti-
ACLA plants when compared to untreated WT plants (Table 4). Several groups of mRNAs 
involved in the metabolism of carbohydrates, such as isoamylase mRNA, are lower in anti-
ACLA plants. mRNAs related to cytoskeleton (e.g., actin, down 31.64 fold), hormone 
response, lipids (e.g. fatty acid elongase-like protein, reduced 84.19 fold) and photosynthesis, 
and mitochondrial electron transport (e.g. cytochrome c-oxicoreductase-like protein, down 
125.4 fold) are reduced in ACLA plants. Of these, 51 genes increase at least two fold in MA-
treated anti-,4CL4 plants (Fig. 6B). 
The list of 51 genes (Table 4) include mitochondrial constituents such as the E2 subunit 
of 2-oxoglutarate dehydrogenase which catalyzes the conversion of a-ketoglutarate to 
succinyl-CoA in the TCA cycle; and cytochrome c, a component of the electron transport 
chain. The E2 subunit mRNA is 48-fold lower in untreated ACLA plants when compared to 
WT, but only four-fold lower in anti-/* CL4 plants that have been treated by MA. 
Transparent testa glabral (TTG1), which positively regulates anthocyanin production 
(Shirley, 1995; and Debeaujon et al., 2001) is down in untreated plants but increases upon 
MA treatment. Lipid-related mRNAs including a fatty-acid elongase-like protein and an 
oxysterol-binding protein are greatly reduced in untreated anti-ACLA plants when compared 
to WT levels (84-fold and 8-fold, respectively), but revert to near WT levels (-3.6-fold and 1-
fold, respectively) following treatment with MA. The reversion of elevated and repressed 
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transcripts to WT levels in MA-treated anti-,4 CL4 plants indicates MA is partially affecting 
the anti-ACLA phenotype. 
Early mevalonate pathway metabolites fail to revert the ACLA phenotype. 
Acetyl-CoA is converted to cytosolic IPP. The IPP goes on to form a subset of the 
isoprenoids including sesquiterpenes, membrane sterols and brassinosteroids (BR). Plants 
lacking ACL activity might be deficient in any or all of these metabolites, and such a 
deficiency might contribute to the ACL phenotype. Acetate, acetoacetate, and mevalonate 
were added to anti-ACLA plants to determine if these metabolites could revert the anti-ACLA 
phenotype. Rosettes of anti-ACLA plants treated with acetate have comparable growth rates 
to water-treated anti-,4C.L4 plants (Fig. 7A). Acetoacetate is detrimental to both WT and 
anti-ACLA plant growth, as the plants were dead within 28 days. Mevalonate treatment 
slightly decreases the growth rate for both WT and anti-ACLA plants (Fig. 7B). Neither 
acetate nor mevalonate, under the conditions used, reverted the reduced growth or the dark-
green color of the anti-ACLA phenotype. 
HMGR-inhibited WT plants partially phenocopy anti-ACLA plants. 
Hydroxymethyl-glutaryl-CoA reductase (HMGR) is a highly regulated enzyme in 
animals, controlling flux through the M VA pathway, and is thought to play a similar role in 
plants (Stermer et al., 1994). Mevinolin inhibits HMGR activity. To determine if 
mevinolin-treated Arabidopsis seedlings have traits similar to the anti-ACLA plants, several 
concentrations of mevinolin were applied to WT seedlings (Appendix B). 
When compared to water-treated WT plants (Fig. 8A to B), WT plants exposed to 
mevinolin are smaller and have smaller leaves (Fig. 8B to F), and accumulate higher levels of 
anthocyanin (Fig. 8E and F). Mevinolin-treated WT plants also contain more starch (Fig. 
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8G), unlike water-treated WT plants (Fig. 8C). The reduced growth, and accumulation of 
anthocyanin and starch observed in WT mevinolin-treated plants mimics the anti-ACLA 
seedlings. 
BL does not revert the antMCL4 phentotype. 
Plants deficient in brassinolide (BL) biosynthesis are also dwarfs and BL is a metabolite 
derived from cytosolic acetyl-CoA. To test the hypothesis that the anti-ACLA phenotype 
may be due to BL deficiency, anti-ACLA plants were treated with 1.0 |xM BL, a common 
typical concentration used to rescue BL-deficient mutants (Clouse et al., 1996; Choe et al., 
1999). BL-treated WT plants increased in diameter 13 % more than WT water-treated plants, 
while the rosette diameter of BL-treated anti-ACLA plants increased only 7 % when 
compared to water-treated controls (Fig. 9A). Anti-v4CL4 and WT plants treated with 
slightly higher concentrations of BL (3.1 and 5.0 |a,M) have slightly higher percentages of 
increase in rosette diameter (data not shown). However, no other alteration in phenotype was 
observed in the anti-ACLA plants (Fig. 9C). The increase in the diameter of anti-ACLA 
rosettes may be due to an increase in the elongation of the petioles (Fig. 9D), a common 
response to BL (Clouse and Sasse, 1998). Anti-,4CL4 plants remained dark-green in color 
after BL treatment and after IKI staining are similar in intensity to water-treated anti-ACLA 
plants (Fig. 9E). These results indicate that though both WT and anti-ACLA rosette diameter 
increase mildly response to BL, the overall phenotype of anti-ACLA remains similar to that 
of control plants. 
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Anti-,4 CL4 plants treated with squalene, cholesterol, sitosterol, and stigmasterol show 
phenotype reversal. 
Considerable carbon flow must go through the MVA pathway as sterols can account for a 
large portion of membrane lipid content (Buchanan et al., 2000). To test the hypothesis that 
anti-ACLA plants are sterol-deficient, a sterol precursor and several sterols essential for 
membrane production were applied to anti-,4 CL4 plants. Squalene synthase catalyzes the 
first committed step to sterol biosynthesis (Poulter et al., 1990). After application of 50 piM 
squalene, anti-ACLA plants were lighter in color (Fig 10A). This partial reversion of 
phenotype was not significantly reflected in measurements of rosette diameter and/or fresh 
weight (Fig. 11A and B). However, IKI-stained squalene-treated anti-ACLA plants (Fig. 
12B) stained less intensely when compared to water-treated anti-ACLA plants (Fig. 12A). 
Campesterol, while a precursor to brassinolide, is also a major membrane component 
(Lesham, 1992). Application of 0.2 of campesterol did not noticeably affect the anti-
ACLA plant phenotype (Fig. 10B). Rosette diameter (Fig 11A) and FW (Fig. 1 IB) were 
similar to water-treated anti-ACL A plants and starch-staining (Fig. 12B) was similar to water-
treated anti-ACLA plants. 
Sitosterol and stigmasterol are major sterol components in membranes and are 
synthesized in a sterol biosynthetic branch separate from brassinolide (Buchanan et al., 
2000). In contrast to campesterol, addition of 5.0 |^M sitosterol (a mixture containing 35 % 
campesterol, herein referred to as +C) dramatically affects plant phenotype (Fig. 10C), 
rosette diameter (Fig 11 A) and weight (Fig. 1 IB). Rosette growth in anti-ACLA plants 
treated with 97%-pure sitosterol increased to almost match that of treated WT plants (Fig. 
10D and 11 A). This alleviation in phenotype is also reflected in a decrease in IKI stain 
intensity in both sitosterol (+C) and sitosterol (97%)-treated anti-ACLA plants (Fig. 12). 
Stigmasterol is biosynthetically downstream from sitosterol (Buchanan, 2000). The 
addition of 0.5 piM stigmasterol partially alleviates the anti-ACLA phenotype (Fig. 10E). 
When compared to control anti-v4 C.L4 plants (Fig. 13A and B), stigmasterol-treated plants are 
lighter in color and have larger leaves (Fig. 13C and D), whereas WT untreated and treated 
plants show no significant difference in these characteristics (Fig. 13E to H). Percentage 
increase in rosette diameter (Fig. 11 A) and rosette FW (Fig. 1 IB), in addition to lighter IKI 
staining (Fig. 12F) when compared to water treated anti-ACLA plants. Preliminary evidence 
indicates that stigmasterol treated plants do not recover wax accumulation (data not shown). 
Cholesterol occurs at very low levels in plants (Lesham, 1992). Cholesterol-treated anti-
ACLA plants show a dramatic change in phenotype when compared to untreated plants (Fig. 
10F), having increased percentage of rosette diameter (Fig. 11A), fresh weight (Fig. 1 IB) 
and reduced starch staining (Fig. 12G). WT and ACLA plants were treated with water or 5 
fxM cholesterol and ten days later, leaf tissue from leaf five was harvested for microscopic 
analysis. When compared to leaves from water-treated plants (Fig. 14A and B), cholesterol-
treated leaves are similar in leaf morphology, possessing similarly sized cells, vascular 
bundles and plastids (Fig. 14C and D). As observed before (Fatland et al., 2003) leaves from 
anti-ACLA plants have smaller cells, and vascular bundles, but much larger, rounder plastids 
due to an increase in starch granule size (Fig. 14E and F). Leaves from anti-ACLA plants 
treated with cholesterol still possess smaller cells, but have larger vascular bundles and 
smaller plastids, due to a reduction in starch granule size (Fig. 14G and H). Examinations of 
mid-sections from the fifth leaf from seven to ten plants give similar results. These results 
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indicate that the addition of cholesterol can partially compensate for metabolic deficiencies in 
plants with reduced ACL activity. 
Discussion 
The only well-documented source of cytosolic acetyl-CoA in plants is ACL (Kaethner 
and ap Rees, 1985; and Fatland et al. 2002). Reductions in ACL activity of about 50% (using 
transgenic plants expressing the antisense/lCZvW gene) confer a strong complex phenotype, 
indicating that this enzyme is a critical regulatory step in supply of the cytosolic acetyl-CoA 
pool (Fatland et al., 2003). The severe dwarf phenotype of plants with reduced ACL activity 
indicates that no other source of acetyl-CoA can compensate for this deficiency. Therefore, 
Arabidopsis with reduced levels of ACL can be used to explore the interface between 
formation and utilization of acetyl-CoA. Because cytosolic acetyl-CoA is required for the 
biosynthesis of a plethora of metabolites, it is not surprising that lack of ACL results in a 
pleiotropic effect. However, several lines of evidence indicate that many aspects of the 
composite ACL phenotype are attributable to an alteration in the sterols in the 'bulk sterol' 
pathway (cycloartenol to stigmasterol). First, are certain aspects of the characteristic anti-
ACLA phenotype itself. Anti-ACLA plants with reduced levels of ACL activity are dark-
green and dwarf in appearance; this phenotype is common with a number of mutants, 
including plants with reduced levels of sterols, BRs, and G As. However, several features 
confer uniqueness to the anti-v4 CL4 dwarf phenotype, including small cells with dimensions 
reduced in proportional to their larger counterparts, aberrant plastid morphology, reduced 
cuticular wax, reduced seed-coat flavonoids, aberrant embryos, increased anthocyanins and 
carotenoids in arial vegetative organs, and increased starch accumulation. Many of these 
traits are shared with sterol mutants, but not with mutants blocked in GA or the campesterol-
BR sterol pathway. The exceptions, i.e., the traits found in the anti-ACL plants but absent in 
the sterol mutants, are the lack of cuticular wax, the over-accumulation of starch, and the 
flavonoid alterations in seed coat and vegetative plant. 
Secondly, addition of mevinolin, which blocks conversion of HMG-CoA to MVA, 
inhibits growth (Schindler et al., 1984; Hemmerlin et al., 2000), and increases anthocyanin 
accumulation (Bach and Lichtenthaler, 1983). Since mevinolin induces a near-phenocopy of 
the anti-ACLA phenotype, it is possible that much of the phenotype is caused by the limited 
cytosolic acetyl-CoA pool being diverted from isoprenoid synthesis. 
Third, addition of sitosterol, cholesterol and stigmasterol, causes a substantial reversion 
of the anti-ACLA phenotype. Specifically, addition of sitosterol causes increased rosette 
diameter and fresh weight, a return to normal green color, an increase in leaf size, and a 
return to normal starch levels. Thus, these compounds can compensate for metabolic 
perturbations induced by a reduction in ACL activity. Carbon is committed to the production 
of sterols via squalene synthase, which converts two molecules of famesyl-diphosphate to 
squalene (Goldstein and Brown, 1990). While the rosette fresh weight was only slightly 
increased, squalene-treated anti-ACLA plants have a increased rosette diameter from water-
treated anti-ACLA plants, starch accumulation was reduced and the plants were lighter in 
color. These results indicate that anti-ACLA plants may be lacking squalene, or metabolites 
downstream in the sterol pathway. Neither BR nor campesterol dramatically revert the anti-
ACLA phenotype, indicating that depletion of these metabolites are not causing the anti-
ACLA phenotype. Apparently, campesterol itself cannot functionally substitute for the other 
membrane sterols. Furthermore, our data suggest that campesterol is not readily 
interconverted to the other membrane sterols. 
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Sitosterol is the most abundant sterol in plants, often accounting for 50-80% of total 
sterol content (Buchanan et al., 2000). Campesterol is typically the second most abundant 
sterol and the third most abundant sterol in plant membranes is stigmasterol (Hartman, 1998). 
Small quantities of cholesterol are commonly found in plant membranes. Sterols are 
important for membrane stability, permeability and fluidity (Lesham, 1996). In addition, 
membrane sterols can interact with integral membrane proteins and are likely involved in 
signal transduction pathways (Souter et al., 2002). Additionally, sterols early in the MVA 
pathway (before 24-methylenelophenol) may play a part in signaling roles unique from 
brassinosteroid action in plant growth and development (Clouse, 2000). Cholesterol, 
sitosterol and stigmasterol were effective at reducing the severe anti-^4 CLA phenotype, 
indicating that these compounds can partially compensate for metabolic deficiencies 
conferred by a decrease in ACL activity. The addition of sterols might reduce the flow of 
acetyl-CoA out of the cytosolic pool thereby liberating its use for other requirements. 
However, inhibition of MVA synthesis by addition of mevinolin to wild-type plants 
phenocopies much of the ACL phenotype, indicating that reduction of isoprenoids is 
probably responsible for that portion of the phenotype. Thus, it is probable that a reduction 
in the quantity of sterol available for membrane production, or as signaling molecules in the 
membranes may be responsible for much of the anti-A CLA phenotype. 
The other major pathway utilizing cytosolic acetyl-CoA is carboxylation via homomeric 
acetyl-CoA carboxylase to generate malonyl-CoA. Malonyl-CoA is required for the 
production of flavonoids and stilbenoids (Hrazdina et al., 1978; and Preisig-Muller et al., 
1997); malonyl-derivatives including D-amino acids, 1-aminocyclopropane carboxylic acid 
(the precursor of ethylene), and detoxification of xenobiotics such as pesticides (Hohl and 
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Barz, 1995). It is also used to elongate fatty acids to form very long chain fatty acids, 
required for seed oils, suberin and cuticular waxes (Dean and Kolattukudy, 1977; Pollard and 
Stumpf, 1980; Bao et al., 1998). In addition, it is a source of malonic acid (Stumpf and 
Burris, 1981), and presumably the cofactor lipoic acid (Gueguen et al., 2000) is derived from 
cytosolic acetyl-CoA via malonate. Application of 10 fiM of MA alleviates the anti-ACLA 
phenotype. A subset of plants has increased rosette diameter and increased rosette fresh 
weight. In addition, MA reverses other aspects of the ACL phenotype including, reduced 
cuticular wax, increased anthocyanins in arial vegetative organs, and increased starch 
accumulation. Multiple genes whose mRNA accumulation is altered in anti-ACLA plants 
have expression levels closer to wild type in MA-treated anti-ACLA plants. These results 
indicate that MA can partially compensate for metabolic perturbations in ACL-deficient 
plants. Little is known about MA metabolism in plants. These results indicate applied 
malonic acid might be converted into malonyl-CoA via a cytosolic malonyl-CoA synthetase. 
It is possible that in addition to supplementing the malonyl-CoA required for synthesis of 
malonyl-CoA derived metabolites, the supply of additional malonyl-CoA alleviates the 
demand on the cytosolic acetyl-CoA pool available for isoprenoid synthesis. 
The reason the MA-treated anti-ACLA plants recovered only partially could be due to any 
of several inherent difficulties. It is possible that MA-concentration, the age of the plant at 
treatment, the number of treatments, the stability of MA, and the duration of the treatment 
were not optimal for complete recovery. A suboptimal treatment regime may be reflected in 
the starch staining found in MA-treated anti-ACLA plants; while older, larger leaves stained 
like WT leaves, younger leaves stain more intensely (data not shown). Despite this, the data 
indicates that MA treatment partially alleviates the anti-ACLA phenotype. 
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The biosynthesis of very long chain acyl constituents present in cuticular wax depends on 
malonyl-CoA for elongation. Accumulation of cuticular wax is reduced in untreated anti-
ACLA plants but elevated to almost WT levels in MA-treated anti-ACLA plants. This same 
trend is observed for aCER2-like mRNA (CER2 plays a role in cuticular wax accumulation 
(Xia et al., 1996). Cuticular wax plays many protective roles including restriction of water 
loss, prevention of pathogen attack, reflectance of visible light, and may protect the plant 
against UV radiation (Barnes and Cardoso-Vilhena, 1996). It is unlikely that the reduction in 
cuticular wax singly provokes the severe anti-ACLA phenotype, as plants with mutations in 
the cuticular wax biosynthetic pathway appear otherwise normal (Koorneef et al., 1989; 
Jenks et al., 1996; and Todd et al., 1999). 
While the reduction in cuticular wax itself may not lend itself to a dramatic phenotype, 
the concerted effect of a reduction in wax, which may allow the incidence of more light on a 
compromised photosynthetic membrane system due to lack of sterol content, may have 
profound effects on the physiology and the metabolism of the plant cell. Excess light is 
known to induce several phenomena including the accumulation of pigments and 
mechanisms to handle oxidative stress. The perception of excess light may induce the 
accumulation of anthocyanin and increase accumulation of transcripts related to oxidative 
stress observed in anti-ACLA plants (Fatland et al., 2003 and Table 2). 
Anthocyanins are vital for protecting the plant against light stress. Shirley, 2002 
suggested that the more hydroxylated flavonols may protect the plant against oxidative stress. 
Changes in ACL induce both increases in the levels of anthocyanins and in expression of the 
flavonoid biosynthetic genes. Transparent testa glabra 1 (TTG1), which positively regulates 
dihydroflavanol-4-reductase (DFR), an enzyme that diverts dihydroquercetin and 
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dihydrokaempferol (colorless flavonoids) away from flavonol production into 
proanthocyanidin and colorful anthocyanin production (Shirley, 1995; and Debeaujon et al., 
2001) is down in untreated plants but increases upon MA treatment. FUSCA, which 
negatively regulates TTG1 and is thought to be induced by light (Misera et al., 1994), is 
slightly elevated in anti-A CLA plants but returns to WT levels upon MA treatment. While 
the regulation of flavonoid biosynthesis is complex, the differential regulation of these two 
genes indicates preferential flow toward the flavonol branch of the flavonoid pathway, 
implicated in protection against oxidative stress. A decrease in cytosolic acetyl-CoA, an 
essential flavonoid precursor, could compromise these protective mechanisms. However, 
anti-,4CL4 plants have increased accumulation of anthocyanin (Fatland et al., 2003). 
Production of high quantities of flavonoids might further comprise other acetyl-CoA-
requiring pathways under ACL-limited conditions. Perhaps the accumulation of flavonoids 
is at the expense of compounds such as cuticular waxes and sterols. 
Jacobs and Rubery, 1988 suggested that flavonoids may act to negatively regulate auxin 
transport. Flavonoids possess structural similarities to naphthylphtamlamic acid, a synthetic 
auxin transport inhibitor. Plants with mutations in chalcone synthase (tt4), the enyzme 
catalyzing first committed step of flavonoid biosynthesis, were found to have increased polar 
auxin transport (Brown et al., 2001). Additionally tt4 plants had increased secondary root 
development; and reduced inflorescence stem growth, apical dominance, height and stem 
diameter, characteristics opposite to those found in plants with reduced auxin-polar transport. 
When grown on narigenin, the tt4 mutant characteristics reverted to wild-type. Phenotypic 
alterations in anti-v4CL4 plants include several characteristics common to the tt4 mutants 
including: increased secondary root development; and reduced inflorescence stem growth, 
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apical dominance, height and stem diameter. Despite the accumulation of anthocyanins in 
the epidermal and sub-epidermal layers of the leaves and stems of anti-ACLA plants, there 
may be reduced levels of flavonoids in other cell types. Several genes which are up-
regulated in response to auxin are also elevated in anti-ACLA plants, but revert to normal 
expression levels upon MA treatment. 
A decrease in flavonoids in the interior cells of anti-ACLA plants might precipitate the 
observed characteristics that ACLA plants have in common with the tt4 mutants, which have 
increased polar-auxin transport. This differential flow through the flavonoid pathway in 
different tissues may explain both the accumulation of anthocyanin in outer layers and the 
occurrence of several characteristics common to increased polar-auxin transport. 
Malonyl-CoA is utilized in at least 3 subcellular locations. Plastidic de novo fatty acid 
biosynthesis requires malonyl-CoA. Fatty acid elongation, and flavonoid biosynthesis 
require cytosolic malonyl-CoA. Recently, it was demonstrated that mitochondria are capable 
of de novo fatty acid biosynthesis (Wada et al., 1997). While acetyl-CoA carboxylase can 
generate the plastidic and cytosolic pools of malonyl-CoA, this enzyme is absent in 
mitochondria. Malonyl-CoA is compartmentally sequestered as it is unable to freely cross 
membranes. As such, Gueguen et al. (2000) demonstrated that mitochondria can convert 
malonic acid into malonyl-CoA via malonyl-CoA synthetase. Mitochondrial malonic acid is 
also used for the biosynthesis of lipoic acid. Lipoic acid is cofactor for mitochondrial 
pyruvate dehydrogenase an enyzme linking glycolysis and the TCA cycle. 2-oxoglutarate 
dehydrogenase, a TCA cycle enzyme, and glycine decarboxylase, required for 
photorespiration also contain lipoic acid. Reduced lipoamide synthesis due to insufficient 
levels of malonic acid, may have profound effects on plant growth and development. 
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Limitations in the production of pyruvate dehydrogenase and 2-oxogIutarate dehydrogenase 
may limit TCA cycle activity, which in turn may decrease carbon flow through glycolysis 
and reduction of NAD+ and FAD, the production of ATP, and intermediates essential for 
other biosynthetic processes (eg., amino acid production, nitrogen assimilation, etc.). If such 
nitrogen-containing metabolites are limited, or glycolytic metabolites accumulate, a sensed 
increase in the carbon to nitrogen ratio may in turn induce glucose repression. Plants in 
glucose repression often have increased anthocyanin and starch, two characteristics 
demonstrated by ACLA plants. Transcript levels of E2, encoding the lipoamide-containing 
subunit of 2-oxoglutarate dehydrogenase, are reduced 47-fold in anti-ACLA plants, but only 
four-fold upon MA treatment. This change in accumulation of E2 is consistent with a limited 
availability of MA in anti-ACLA plants. Restricted production of glycine decarboxylase 
might tie up nitrogen, further disturbing the carbon:nitrogen balance. The results of 
supplementation of the ACL plants with lipoic acid may provide answers to this conjecture. 
The mechanisms by which the cytosolic acetyl-CoA pool is allocated to various 
metabolic pathways are not known. These data indicate that a reduction in ACL places 
constraints on the allocation of cytosolic acetyl-CoA, and that this substrate is not equally 
available to the various pathways in which it is used. 
Methods 
Plant Material and Growth Conditions. 
Prior to plating, antisense 35S:ACLA-1 T2 and T3 seeds (line 10-6 unless otherwise 
indicated) (Fatland et al., 2003) were sterilized by agitation in 50% (v/v) normal strength 
(5.25%) bleach and 0.02% Triton X-100 for five min. After four one-minute sterile distilled 
water washes, seeds were suspended in 0.1% agarose. Approximately 50 seeds per plate 
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were distributed on 10 x 15 mm petri dishes containing MS selection media (IX MS salts, lx 
B5 vitamins, 1% sucrose, 0.5 g/L MES, pH 5.7, 0.8% phytagar, 30 mg/L kanamycin and 500 
[xg/L vancomycin). Seedlings were germinated and grown under 53.4 uE m"2 s"1 of 
continuous light at approximately 22°C. Eight to ten days after imbibition (DAI) kanamycin-
resistant seedlings with at least one pair of true leaves and characteristic anti-ACLA 
phenotype (darker in green and smaller than wild-type) were transferred to magenta boxes 
(four per box) containing 60 ml of MS media without kanamycin. 
Chemical Treatment and Plant Measurement 
At 15 to 18 DAI, each of four seedlings within a box was measured, scored for phenotype 
and treated by addition of 250 jaI of 0.22 [xm-pore size filter-sterilized chemical, or in the 
case of sterols, suspended in sterile distilled water containing 0.01 % Tween-20 and applied 
directly to the plant without filtration. The final concentrations of the test chemicals and the 
number of plants treated are listed in Table 1. Chemicals were obtained from Sigma (St. 
Louis, MO) with the exception of mevalonic acid and lovistatin, which were obtained from 
ICN Biochemical Inc. (Aurora, OH) and Merck & Co., Inc (Whitehouse Station, NJ) 
respectively. Ten days after treatment (25 to 28 DAI), seedlings were scored for phenotype, 
rosette diameters were measured and plants were weighed. Percent of increase in rosette 
diameter represents the difference in rosette diameter prior to and after treatment divided by 
the overall final diameter for each plant. Plants were photographed with a Minolta X-700 
35mm camera using Ektachrome 64T film. For the cuticular wax observations with the 
malonic acid-treated plants, plants were treated at 18 DAI. At 31 DAI, inflorescence stem 
height and plant phenotype was recorded and basal and upper portions of stem segments 
were harvested, sputter coated and observed using SEM. Basal stem segments consisted of 
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the 0.5 cm segment just above the youngest rosette leaves. Upper stem segments were the 
0.5 cm segment at the mid-point of the stem. 
Microarray Analysis 
Wild-type plants and anti-v4CL4 plants were treated with 250 uL of 10 [aM malonic acid 
at 16 DAI. At 28 DAI, bolts were removed and the rosettes were harvested into liquid 
nitrogen. Total RNA was extracted from approximately equal fresh weights of MA-treated 
and untreated wild-type rosettes (39 and 40 plants), and ACLA rosettes (15 and 21 plants), 
using a TRIzol-based extraction protocol provided by Invitrogen (Carlsbad, CA). 
RNA samples were sent to the DNA Facility at the University of Iowa (IA City, IA) for 
further processing and microarray analysis using Arabidopsis GeneChips (Affymetrix, Santa 
Clara, CA). 
cDNA was synthesized from total RNA via reverse transcription with oligo-dT primers. 
The resulting cDNAs were transcribed into biotinylated antisense cRNAs, which were then 
treated with heat and salt and fragmented. The cRNA fragments were hybridized to 
Affymetrix GeneChip Arabidopsis Genome tiled with probe sets from 8,288 genes. Once 
hybridized and washed, the hybridized probes were stained with streptavidin-phycoerythrin 
(SAPE), amplified with anti-phycoerythrin antibody conjugate and scanned using an HP 
GeneArray Scanner. 
Resulting Affymetrix .chp files containing qualitative and quantitative data were 
imported into and handled using Gene Spring 4.2.1 (Silicon Genetics, Redwood City, CA). 
Scale factors and background averages were very similar among the four chips and thus 
samples were normalized using the global error model based on deviation from 1 in 
GeneSpring software. Genes with selected specific fold-changes were identified using 
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Gene Spring (as outlined in Fig. 5 and 6). Filtered lists were imported into Venn diagrams, 
and subsequent commonalities were pulled out and listed in Tables 3 and 5. 
Scanning Electron Microscopy 
Wild-type and anti-,4CL4 plants were treated by application of 250 |_iL of 10 |iM malonic 
acid at 17 DAI. Plant phenotype was observed, and rosette diameter and bolt height were 
measured before treatment. Two weeks later (31 DAI), inflorescence stem height was 
recorded and basal and upper stem segments were harvested from three untreated wild-type 
plants, three malonic acid-treated wild-type plants, three malonic acid treated plants and two 
untreated anti-ACLA plants. Fresh basal inflorescence stem segments, 0.5 cm above the most 
recent leaves, were harvested. To identify post-treatment stem growth, stem heights at the 
time of treatment were subtracted from final stem heights. The 'upper' stem segments were 
harvested at the midpoint of new stem growth. Samples were prepared for SEM analysis 
using a protocol based on that of Jenks et al. (1995). After samples were sputter-coated with 
a 20/80 gold-palladium alloy, they were examined at 10 kV on a JEOL 5800 LV scanning 
electron microscope (Japan Electron Optics Laboratory, Peabody, MA). 
Wax Analysis and Extraction 
Cuticular wax from the primary inflorescence stems of water or malonic acid-treated anti-
ACLA plants and wild-type plants was extracted as outlined in Fatland et al., 2003. Wild-
type and anti-ACLA plants were treated with water or 10 |iM malonic acid at 15 DAI. At 25 
DAI, six wild-type stems (treated and untreated) and eight anti-ACLA stems (treated and 
untreated) were harvested just above the rosette, cauline leaves were trimmed away, and 
segments were pooled and weighed (about 0.3 g FW/sample). A known amount of 
hexadecane (Sigma, St. Louis, MO) was applied to the stem surface prior to extraction as an 
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internal standard. Chloroform-soluble wax was extracted and analyzed as outlined in Fatland 
et al., (2003). The quantity of wax/g dry weight of plant material was calculated based on the 
hexadecane internal standard. Peaks were identified by comparison with the AgilentNIST98 
and glossy mass spectra libraries (Perera et al., 2002). 
Starch Staining 
Iodine-postassium iodide (IKI) staining (Berlyn and Miksche, 1976) was used to stain for 
starch. Seedlings were treated with 250 jxL of 50 |J.M mevinolin or with water at 15 DAI and 
harvested at 24 DAI. MA, epibrassinolide, and sterols were applied to 12 DAI seedlings and 
harvested at 22 DAI. Seedlings were placed in 95% ethanol for 48 hrs to extract 
photosynthetic pigments and subsequently incubated in 5 mL of 1% potassium iodide and 
1% iodine in water. After overnight incubation, leaves were placed in 5 mL of distilled water 
for 30 minutes, rinsed, and photographed with an Olympus SZH10 camera or an AxioCam 
HRC digital camera mounted on an Olympus SZH10 stereo-microscope. 
Light Microscopic Analysis 
Leaves from water and cholesterol-treated wild-type plants and anti-ACLA plants (line 
10-6 Tz) were examined. Seedlings were treated with 5 |iM of cholesterol at 15 DAI and 
harvested at 26 DAI. Mid-sections of the fifth true leaf after the cotyledons from five wild-
type water-treated controls, seven wild-type cholesterol-treated plants, ten anti-ACLA 
controls, and five anti-ACLA cholesterol-treated plants were examined. Leaf discs were 
taken from the longitudinal mid-point of the leaf (The longitudinal mid-point was 
determined as the midpoint between the first set of marginal lobes to the leaf tip). 
The mid-sections of leaves were immersed and cut in a solution consisting of 1 % 
paraformaldehyde, 2% glutaraldehyde in 65 mM cacodylate buffer at pH 7.2. Following a 
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21-hr fixation at 4°C in this solution, and three washes in 65 mM cacodylate buffer, pH 7.2, 
tissue samples were immersed in 1% osmium tetroxide in 65 mM cacodylate buffer for 1 hr. 
Osmified samples were rinsed once in the buffer and twice in ddHaO and then dehydrated 
through a series of graded concentrations of ethanol (50% to 100%), ethanol:acetone, and 
finally acetone:Spurr's resin (EM Sciences, Fort Washington, PA). 
Seven to ten leaf discs from each treatment were examined. Leaf discs were sectioned 
into 1 jo.m thin-sections, stained with 1% toluidine blue, and observed under bright-field 
optics on a Leitz orthoplan microscope (Leica, Sciscope, Iowa City, IA) or a Zeiss Axioplan 
2 compound light microcscope (Carl Zeiss Inc., Thomwood, NY). 
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Figure Legends 
Figure 1. Metabolism of acetyl-CoA. 
Cytosolic acetyl-CoA is a compound essential for the biosynthesis of variety of plant 
metabolites including: elongated fatty acids, flavonoids, and isoprenoids. Antisense ACLA 
plants and wild-type (WT) plants were treated with a variety of phytochemicals known to 
require cytosolic acetyl-CoA for their biosynthesis. * Indicates chemicals tested for 
biochemical complementation. Boxes surround compounds that had a significant effect on 
anti-ACLA phenotype. 
Figure 2. Malonic acid treatment increases the rosette growth and fresh weight of anti-
ACLA plants. 
(A) A subset of 10 piM malonic acid (MA)-treated (15 to 18 DAI) anti-ACLA plants 
(aACLAJ have increased rosette growth, when compared to MA-treated WT plants at (25 to 
28 DAI). ( ) WT, (•) anti-ACLA plants, (•) anti-ACLA plants demonstrating recovery 
including a lighter-green color resembling WT plants. (B) Recovered MA-treated anti-ACLA 
plants have increased rosette fresh weight (FW) when compared to untreated anti-ACLA 
plants at 25 DAI. (C) MA-treated anti-ACLA plants more closely resemble WT plant 
appearance at 25 DAI, when compared to untreated anti-ACLA plants. (D) MA-treated, 
iodine-stained anti-ACLA plants are lighter in color than water-treated anti-ACLA plants. 
Bars represent standard errors. Bars = 1 cm in C and D. 
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Figure 3. Malonic acid treatment partially rescues antisense anti-ACLA phenotype. 
MA treatment affects the size, color and growth of leaves from anti-ACLA plants 
demonstrating phenotypic reversion when compared to untreated anti-ACLA plants. MA-
treated WT plants remain unaffected. WT and anti-ACLA seedlings prior to treatment (A, C, 
E and G); anti-ACLA and WT seedlings 26 days after no additional treatment (D and F); and 
anil-ACLA and WT seedlings 26 days after treatment with 10 |iM malonic acid (D and H). 
Bars = 1 cm. 
Figure 4. Malonic acid treatment recovers epicuticular wax production in anti -ACLA 
plants. 
Stem segments of anti-ACLA plants that have fully elongated before the time of MA 
treatment (basal) have little cuticular wax when compared to WT, while stem segments that 
are elongating during treatment with MA show near-normal accumulation of cuticular wax. 
WT stem segments grown before and after MA treatment have similar densities of cuticular 
wax particles. Basal stem segments of WT and anti-ACLA plants (A, C, E and G). Upper 
stem segments of untreated WT and severe anti-ACLA plants (B and F) and treated WT and 
severe anti-ACLA plants (D and H). Two plants from the anti-ACLA control and three plants 
from all other treatments were examined. Similar results were found in each plant examined. 
Bars = 10 ^im. 
Figure 5. Venn diagram used to generate a list of up-regulated genes that decrease in 
MA-treated plants. 
(A) 32 genes were found to pass all of the following criteria including: elevated at least 
two fold in untreated anti-ACLA plants compared to untreated WT plants (upper circle); 
decreased at least two fold in MA-treated anti-ACLA plants compared to MA-treated WT 
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plants; and remaining relatively unchanged (up or down less than 1.25 fold) in MA-treated 
compared to WT plants. (B) Expression profiles of select genes: normalized intensity across 
genotype and phenotype. 
Figure 6. Venu diagram used to generate a list of down-regulated genes that increase in 
MA-treated plants. 
(A) 51 genes were found to have the following criteria including: decreased at least two 
fold in untreated anti-ACLA plants compared to untreated WT plants (upper circle); increased 
at least two fold in MA-treated anti-ACLA plants compared to MA-treated WT plants; and 
remaining relatively unchanged (up or down less than 1.25 fold) in MA-treated or untreated 
plants. (B) Expression profiles of select genes: normalized intensity across genotype and 
phenotype. 
Figure 7. Phenotypes of anti-ACLA plants exposed to early compounds in the 
mevalonate pathway remain unaltered. 
Rosette diameters of WT and phenotypic anti-ACLA plants were measured prior to (15 to 
28 DAI) and after (15 to 28 DAI) treatment with (A) water, acetate and acetoacetate, and (B) 
mevalonate. Rosette growth of treated anti-v4CL4 plants remains similar to wild-type. ( ) 
Wild-type, (•) anti-ACLA plants. Bars represent standard errors. 
Figure 8. WT plants treated with mevinolin, a 3-hydroxymethyl-glutaryl-CoA 
reductase (HMGR) inhibitor, share several traits with anti-ACLA plants. 
When compared to untreated WT plants (A and B), WT plants treated with 5 |oM (E) and 
50 ^iM (F) of mevinolin have reduced growth, smaller leaves, and are darker in color. When 
compared to water-treated plants stained for starch (C), WT plants treated with 50 |xM 
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mevinolin and stained for starch (G) have a darker color indicating starch accumulate. Bars 
= 1.0 cm (A and D), 2 mm (B, E and F) and 0.5 cm (C and G). 
Figure 9. Brassinolide treatment does not dramatically affect rosette growth or fresh 
weight of anti-ACLA plants. 
(A) Both WT and anti-v4CL4 plants treated with 1.0 uM of epibrassinolide (BL) have 
slightly increased rosette growth, when compared to untreated plants. (B) The FW of BL-
treated anti-ACLA rosettes is not significantly increased, while WT plants have increased 
rosette FW. (C) The phenotype of BL-treated anti-ACLA plants is similar to untreated anti-
ACLA plants. (D) BL-treated anti-v4CL4 plants have slightly longer petioles when compared 
to untreated anti-v4CL4 plants. (E) BL-treated, iodine-stained anti-ACLA plants are similar in 
intensity to water-treated anti-v4CL4 plants ( ) WT, (B)anti-ACLA plants. Bars represent 
standard errors. Bars = 2 cm (C), 1 cm (D) and (E). 
Figure 10. Several different sterols partially revert the anti -ACLA phenotype. 
WT and anti-ACLA plants photographed ten days after treatment with: (A) 50 |iM 
squalene a sterol-precursor; (B) 0.2 jxM of campesterol, a BL-precursor and membrane 
sterol; (C) 5.0 |xM cholesterol, a minor plant sterol; (D) 5.0 |_iM sitosterol (%65) and 
campesterol (35%), membrane sterols; (E) 5.0 jxM stigmasterol, a membrane sterol; and (F) 
5.0 sitosterol, a membrane sterol. Sterol-treated anti-ACLA plants are increased in size 
and lighter in color when compared to untreated anti-ACLA plants. Bars = 1 cm. 
Figure 11. Anti-ACLA plants treated with select sterols have rosettes with increased 
rosette growth and fresh weight. 
Anti-v*CL4 plants (15 to 18 DAI) treated with squalene, cholesterol, sitosterol (65%) and 
campesterol (35%), and stigmasterol have increased rosette growth and rosette fresh weight 
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when compared untreated anSi-ACLA plants at (25 to 28 DAI). (A) Post-treatment rosette 
growth. (B) Post- treatment rosette FW. ( ) WT, (•) anti-ACLA plants. Bars represent 
standard errors. 
Figure 12. Treatment with several sterols reduces starch accumulation. 
Ten days after treatment with squalene, cholesterol, sitosterol or stigmasterol, anti-,4 CL4 
plants show reduced IKI staining when compared to water-treated anti-ACLA plants. Plant 
were treated with; (A) water; (B) 0.2 [xM campesterol; (C) 50 uM squalene; (D) 5.0 pM 
sitosterol (35% campesterol); (E) 5.0 |xM cholesterol; (F) 3.25 |iM sitosterol; and (G) 0.5 |_iM 
stigmasterol. Four to five plants from each treatment were harvested and stained. Bar = 1.0 
cm. 
Figure 13. Stigmasterol treatment partially reverts anti-ACLA phenotype. 
Stigmasterol treatment affects leaf size and color and growth of anti-ACLA plants when 
compared to untreated anti-ACLA plants. (A, C, E and G) WT and anti-ACLA seedlings prior 
to treatment; (B to F) anti-ACLA and WT seedlings after no additional treatment; (D and H) 
anti-ACLA and WT seedlings after treatment with 0.5 |xM stigmasterol. Bars = 0.5 cm. 
Figure 14. Treatment with cholesterol reduces starch accumulation in leaves of anti-
ACLA plants. 
hxiX\-ACLA leaves treated with cholesterol have leaf morphology similar to WT leaves 
and reduced starch grains when compared to untreated anti-ACLA plants. Leaf mid-sections 
from leaf five of (A and B) WT plants and (E and F) anti-ACLA plants treated with water; 
WT (C and D) and anti-,4CL4 (G and H) plants treated with 5.0 p,M cholesterol. Mid­
sections from the fifth leaf from seven to ten plants was harvested and similar results were 
found in each. Bars = 50 ^im in A, C, E and G; bars = 20 [im in B, D, F and H. 
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Table 1. Metabolites and concentrations used for biochemical supplementation. 
Chemical Sigma3 ~ pH Final # WT # aACLA Lines # of 
Catalog Concen­ plants plants Experi­
# tration ments 
No treatment - 5.7 - 162 97 1-21 10 
(MS media) 8-14 
10-6 
Water 7 117 76 1-21 
8-14 
10-6 
10 
Acetate (sodium) S210 7 10.0 mM 11 7 10-6 2 
Acetoacetic acid A8509 6 10.0 mM 4 3 10-6 1 
Campesterol C5157 6 0.2 nM 12 14 10-6 4 
Cholesterol CI 145 6.5 5.0 piM 31 33 10-6 4 
water soluble 
(polyoxyethanyl-
cholesteryl sebacate) 
Epibrassinolide E1641 6 1.0 ^iM 12 14 10-6 4 
3.1 |xM 4 7 10-6 2 
5.0 (i,M 4 2 10-6 1 
Gibberellin GA3 G1025 6.5 20.0 nM 16 16 10-6 2 
Mevacor Merck 6.5 3.8 nM 4 10-6 1 
(Mevinolin) 30.0 p,M 
50.0 HM 
500.0 hM 
15 
8 
4 
10-6 
10-6 
10-6 
4 
3 
1 
Malonic acid M1875 6 10.0 (xM 209 92 1-21 13 
Disodium salt 8-14 
10-6 
Mevalonic acid lactone ICN 5.5 0.5 mM 4 4 10-6 1 
155715 2.0 mM 12 8 10-6 3 
8.3 mM 4 4 10-6 1 
^-Sitosterol 65% S5753 7 5.0 nM 36 34 8-14 7 
(22% campesterol 10-6 
13% dihyrobrassicasterol) 
^-Sitosterol 97% S9889 7 3.2 ^M 12 12 10-6 1 
Stigmasterol S2424 6 0.5 |xM 21 8 1-21 
10-6 
4 
5.0 piM 12 12 1-21 
10-6 
3 
Squalene S3626 7 50.0 |xM 24 22 10-6 4 
a Chemicals were purchased from Sigma (St. Louis, MO) unless otherwise noted. 
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Table 2. Genes up-regulated at least two fold in aACLA plants compared to WT plants. 
Fold 
Change 
Affy# EST Annotation 
Amino Acid 
4.53 14811_ at AC007661 Putative peptide/amino acid transporter 
3.16 16724, at AC007019 putative shikimate kinase precursor 
2.52 14306_ at AC002340 3-hydroxyisobutyryl-coenzyme A hydrolase, 
valine metabolism 
2.48 15610, at L40511 Cystathionine beta-lyase mRNA 
2.14 17292, at X95736 mRNA for amino acid permease 6 
2.14 14733, s at D32138 mRNA for deltal-pyrroline-5-carboxylate 
synthase 
2.00 15154, at L29083 At-ASNl, glutamine-dependent asparagine 
synthetase mRNA 
Carbohydrate 
11.35 16859 at AL035523 Alpha-amylase-like protein 
4.45 17775, at AC004392 Similar to glucose-6-phosphate/phosphate-
translocator (GPT) 
4.43 15631, s a t  AB005805 AO-2 mRNA for aldehyde oxidase 
4.31 13977, at AC002510 Glycerol-3 -phosphate dehydrogenase 
3.82 12935. at X82826 PRL2 mRNA 
3.21 17322, at AL049655 Similar to sucrose transport protein 
3.14 16413™ s a t  Y18432 ApL3 gene, sugar inducible ADP-glucose 
pyrophosphorylase subunit 
3.00 17312, at AC000132 Sucrose transport protein 
2.86 20220, at AF075597 Similar to sucrose synthase 
2.78 14664 i a t  Y08568 mRNA for trehalose-6-phosphate synthase 
2.60 13033, at AC006955 Putative GDP-mannose pyrophosphorylase 
2.55 14335, at AC007168 Putative trehalose-6-phosphate phosphatase 
2.14 19944, at AC002130 Similar to CREB-binding protein, involved in 
carbon catabolite repression in Aspergillus 
nidulans 
2.07 17469, at AC005287 NADP specific isocitrate dehydrogenase 
2.07 13549, at AC005990 Similarity aldehyde dehydrogenase (NAD+) 
Cell Cycle, DNA Replication and Maintenance 
11.20 14374, at AC005970 Putative replication protein A1 
4.91 16572, at M98455 Recombination and DNA-damage resistance 
protein (DRT111) mRNA 
4.04 12900, r a t  X57839 CDC2a gene for p34(cdc2)-like cell cycle 
protein. 
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Table 2. (Continued) 
Fold 
Change 
Affy # EST Annotation 
3.12 16800 at AC007047 Putative CDC21 protein 
3.01 15695 s a t  U73781 Histone H1-3 (His 1-3) mRNA 
2.56 12917, at X62279 mRNA for cyclin 
2.41 16804 at AC002535 Putative kinesin heavy chain 
2.33 17584™ at AF120933 SMC-like protein (MIM), structural maintenance 
of chromosomes 
2.06 15419 at AF058914 Similar to DNA-damage-repair/tolerance 
resistance protein DRT111 
2.02 12897_ at X83371 mRNA for cyclin delta-3. 
Cell Wall and Cytoskeleton 
24.00 12356 at X99952 mRNA for peroxidase ATPA2 
7.52 19193 at Z97341 Cellulose synthase like protein 
6.50 16865™ s at AF037367 Endo-polygalacturonase gene 
4.40 20311, at AF095912 Actin related protein 2 (ARP2) gene 
3.83 16990 at AC004684 Putative expansin 
3.60 12523, at U30476 Expansin At-EXPl (At-EXPl) MRNA 
3.57 12313, _g_at AL035356 Putative pectate lyase 
3.45 12449™ s at AC002343 Cellulose synthase isolog 
3.06 12115. at AL033545 Extensin-like protein 
2.70 OO
 
OO
 
O
 
at AC000098 Similar Pectinesterase 
2.67 20315. i_at AC002343 Cellulose synthase isolog 
2.58 18911 at AC002376 Similarity pectate lyase 
2.32 15752. _g_at AF060248 Beta-9 tubulin (TUB9) gene 
2.31 15047, at AC003028 Putative expansin 
2.09 15178™ s a t  U43489 Xyloglucan endotransglycosylase-related protein 
(XTR7) 
2.06 18968_ at AF 163 823 Endoxyloglucan transferase (XTR3) gene 
2.06 o
 
o
 
at AL035356 Putative pectate lyase 
2.02 18969, .g_at AF 163 823 Endoxyloglucan transferase (XTR3) gene 
Cytochrome P450 
7.15 20418. at AC007296 Similar to cytochrome P450 
3.95 16173™ s at D78607 mRNA for cytochrome P450 monooxygenase 
3.16 12482. s at AC002388 Putative cytochrome P450 
2.71 19502. at AL078620 Cytochrome P450-like protein 
2.22 20271. at Z99707 Cytochrome P450-like protein 
2.20 13100. at AC003680 Putative cytochrome P450 
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Growth and Development 
12.10 15611 s a t  L22567 cor78 protein 
10.40 20471, at AF003094 AP2 domain containing protein RAP2.1 MRNA 
10.30 
m
 
o
 
OO OO 
at AC005315 Putative SCARECROW gene regulator 
4.73 16632. at AF118824 Senescence-associated protein (SAG29) mRNA 
4.39 12945, at AC006841 Putative CONSTANS-like B-box zinc finger 
protein 
2.79 19791 at AC002294 Similar to NAM and CUC2 proteins 
2.76 15189, _s_at AF141375 Arabidopsis thaliana protodermal factor 1 (PDFl) 
mRNA 
2.10 17518. _s_at AF016265 FUSCA3 (FUS3) mRNA 
2.01 12876, at U33473 Agamous-like 8 (AGL8) mRNA 
Hormone 
Abscisic Acid 
20.80 12085. at AC002376 Similarity to ABA induced membrane protein 
6.15 16038, s a t  L04173 Glycine rich protein (RAB18) gene 
2.11 14000 at AF085279 ABA-regulated gene cluster 
Auxin 
15.10 13291. at U18413 IAA11 (IAA11) gene 
8.10 13660, ,i_at U18407 IAA5 (IAA5) gene 
2.60 12593. _s_at AL035656 Small auxin up RNA (SAUR-AC1) 
2.46 12608. _i_at S70188 SAUR-AC 1 /small auxin up RNA 
Cytokinin 
2.89 15184. s at AB008488 ARR5 mRNA for response regulator 5, cytokinin 
responsive 
2.87 16610 s a t  AB008490 ARR7 mRNA for response regulator 7,cytokinin 
mediation 
Ethylene 
5.50 16387, at AL035709 1 -aminocyclopropane-1 -carboxylate synthase 
3.78 18310. at AC002131 Similarity to amino-cyclopropane-carboxylic acid 
oxidase 
Gibberellin 
5.30 13789 at AJ132436 mRNA for GA 2-oxidase, gene ga2ox2 
2.68 17543, s a t  AF047719 GA3 (GA3) mRNA 
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2.40 15194_ s at U15683 Gibberellin-regulated (GASA4) mRNA 
Lipid Metabolism 
17.60 12079 s a t  A71597 Berberine bridge enzyme-like protein 
16.90 16126 s at AF062590 Peroxisomal-3-keto-acyl-CoA thiolase 1 (PKTl) 
mRNA 
15.40 18900_ at AC002986 Similarity to lupeol synthase 
9.10 12032 s a t  AB027228 mRNA for FAS 1 
7.60 15768 at AL035540 Phospholipase like protein 
5.36 15653_ s at U49919 Lupeol synthase mRNA 
4.80 19636_ at Z36912 mRNA for acyl-(acyl carrier protein) thioesterase 
3.37 15776_ at D10703 Phospholipase like protein 
3.05 19619 at AL035521 Fatty acid elongase-Iike protein 
2.41 16164 s a t  U47029 Peroxisomal-3-keto-acyl-CoA thiolase 1 (PKTl) 
2.13 w
 
o
 
o
 
<o
 
at AC004238 Putative berberine bridge enzyme 
Phosphorous Acquisition 
7.70 18499_at AC007212 Putative purple acid phosphatase precursor 
Photosynthesis / Light 
3.87 16324_s_at 
3.25 15153_at 
3.17 14629_r_at 
2.97 17528_s_at 
2.03 15170_s_at 
2.01 14634_s_at 
Protein Processing 
7.58 18500_at 
3.34 14420_at 
3.14 20566_s_at 
3.07 Î847O at 
2.86 20516_at 
2.41 Î36Î2 at 
2.33 12348 at 
X76610 phyE gene 
AF 134125 Lhcb2 protein (Lhcb2:4) mRNA 
AL110123 Phytochrome E 
U03456 Luminidependens mRNA 
AF 134126 Lhcb3 protein (Lhcb3) mRNA 
U29785 Light-dependent NADPH:protochlorophyllide 
oxidoreductase B (PorB) mRNA 
AC007354 Clathrin-associated protein une-101 
AC006223 Putative cysteine proteinase inhibitor B (cystatin 
B) 
AF028338 Ubiquitin-conjugating enzyme 15 (UBC15) gene 
AC006438 Putative cyclophilin-type peptidyl-prolyl cis-trans 
isomerase, helps fold proline-containing proteins 
AL035523 Ubiquitin activating enzyme-like protein 
AC005825 Putative ubiquitin-conjugating enzyme E2 
AL078464 Proteinase-like protein 
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2.14 13988_ at AC005724 Putative signal recognition particle receptor beta 
subunit 
2.04 19322_ at AC007519 Simila to serpin (pazx), protease inhibitor 
Signal Transduction / Protein Kinase 
28.90 20485_ at AC007660 Putative two-component response regulator 
protein 
11.70 19136 at Z97337 Kinase like protein 
10.50 16375, at AC005287 Very similar to disease resistance proteins 
9.50 17794 at AC006202 Putative protein kinase 
5.70 18115_ at AC005388 Putative protein kinase 
3.89 16556 at AF079998 Putative glutamate receptor (GLR1) mRNA 
3.37 19319 at AC006223 Putative inositol polyphosphate 5'-phosphatase 
3.26 13032_ at AC005819 Putative rac GTPase activating protein 
2.87 16360 at AL031187 Receptor-like serine/threonine protein kinase 
2.81 16061 s a t  AB004796 Mitogen activated protein kinase kinase 
2.48 14961 at AL080254 Cell-cell signaling protein csgA-like 
2.20 17069 at L23985 Protein kinase (TOUSLED) mRNA, required for 
leaf and flower development 
2.07 12376_ i_at AC002333 LecRKl protein kinase isolog 
2.04 14720 s a t  AF083913 Annexin (AnnAtl) mRNA, complete cds. 
2.03 15052_ at AC002332 Putative Ca2+-binding EF-hand protein 
Stress 
Desiccation 
12.10 16914 s a t  AL049500 Osmotin precursor 
7.67 20641 at X91919 mRNA for LEA76 typel protein, desiccation-
induced 
5.40 19152 at X91915 mRNA for LEA D113 typel protein 
2.52 16943 _s_at Z97339 Drought-induced protein like 
2.10 12748 f_at AL096882 Drought-inducible cysteine proteinase RD21A 
Heat Shock 
5.77 16465 at Y08892 mRNA for Hsc70-G8 protein 
3.08 13284 at AJ002551 mRNA for heat shock protein 70 
2.80 19796 at AC004473 Similarity to heat shock transcription factor 
homolog 
2.54 16916 s a t  X77199 hsc70-l gene 
2.31 13524 at AC002986 Contains homology to DNAJ heatshock proteir 
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2.22 13273_ at U68017 Heat shock transcription factor 4 (AtHSF4) 
mRNA 
2.21 14067_ at AC003058 Putative small heat shock protein 
2.16 15960 at Y17053 mRNA for At-hsc70-3 protein 
2.10 16466 s a t  Y08903 mRNA for Hsc70-G8 protein 
Oxidative Stress 
4.35 13187 ,i_at Z35476 (TOUL) mRNA for thioredoxin 
3.17 16981 s a t  U35829 Thioredoxin (TRX5) gene 
2.97 13189 s a t  Z35476 (TOUL) mRNA for thioredoxin 
2.83 17484 at X79052 SRGl mRNA, member of the Fe(II)/ascorbate 
oxidase superfamily 
2.80 13255, ,i_at Z49240 mRNA for gamma-glutamyl transpeptidase, 
catalyzes the first step of glutathione (GSH) 
degradation 
2.73 16989 at AL030978 GH3 like protein 
2.53 13824 at AF061852 Iron superoxide dismutase 3 (FSD3) Mma 
2.45 14638 at X71794 prxCb mRNA for peroxidase 
2.38 1318 8~ r a t  Z35476 (TOUL) mRNA for thioredoxin 
2.33 15606 at AF061517 Putative copper/zinc superoxide dismutase 
copper chaperone (CCS1) mRNA 
Pathogen-related 
37.80 15421 at AF069300 Similarity to Nicotiana tabacum hinl 
34.70 20420, at AL024486 Putative chitinase 
17.30 14635, s a t  M90508 PR-1-like mRNA 
10.90 13154 s a t  AC002333 Putative endochitinase 
10.50 16375, at AC005287 Very similar to disease resistance proteins 
7.40 OO
 
oo
 
,
°
 
at AL022141 Putative disease resistance protein 
6.50 17669, at AC002130 Similar to downy mildew resistance-like protein 
5.10 16205, at AF039382 Putative disease resistance protein gene 
4.81 13919, at AC005679 Similar to pathogenesis related protein 
3.43 17266™ at AF074916 NBS/LRR disease resistance protein (RFL1) 
127 12332, s a t  AB023448 ChiB gene for basic endochitinase 
3.04 13211™ s a t  M38240 Chitinase gene 
2.89 17012, at L41244 Thionin (Thi2.1) mRNA 
2.85 14550, at AL035394 Putative disease resistance response protein 
2.25 14657, s a t  AJ002585 Thionin gene 
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2.21 17070 at L34693 Thaumatin-like protein mRNA 
2.17 15162 at U01880 Pre-hevein like protein 
2.06 19839 at AC005727 Putative thaumatin 
2.01 19444, _g_at AL022141 Putative disease resistance protein 
ETC 
6.00 16267 at AC005662 Putative strictosidine synthase 
2.57 13680 at L04637 Lipoxygenase mRNA 
2.41 14474 s a t  AL021711 Cadmium-induced protein 
2.22 18132 at Z97337 Hydroxynitrile lyase like protein, key enzyme in 
cyanogenesis 
Transcription and TXN Factor 
27.00 20102 at AC006577 Contains similarity to Hap2c Transcription factor 
12.70 12708 ,f_at Z95771 mRNA for AtMYB47 R2R3-MYB transcription 
factor 
5.35 18919. at AC007258 Hypothetical protein; Similar to transcription 
factors 
3.00 20087 at AL021713 Initiation factor-2Bepsilon-like protein 
2.29 14443, at AC000348 Similar to valyl-tRNA synthetase 
127 16721™ at AC006533 Putative poly(ADP-ribose) glycohydrolase 
2.18 18746, _f_at Z95757 mRNA for AtMYB33 R2R3-MYB transcription 
factor 
2.13 18434, at D10936 Myb homologuE 
2.09 12925 s a t  L21991 Homeodomain protein (PRHA) mRNA 
2.09 18787, at AC005395 Putative poly(A) polymerase 
2.04 18789, at AF062876 Putative transcription factor (MYB34) Mma 
2.01 12922, at L42327 Leucine zipper 
2.00 14316™ at AC005287 Very similar to TATA binding protein-associated 
factor 
Translation 
5.90 20630, i at AC007020 Putative eukaryotic translation initiation factor 2 
alpha subunit, eIF2 
103 19885, at AC007063 Putative cap-binding protein 
2.45 18569, at AF069298 Similarity to RNA recognition motifs; similar to 
alternative splicing factor ASF 
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Transporter 
8.00 20581 i a t  AF007271 Similar to sodium/hydrogen exchanger 
3.40 17360 at AC006550 Belongs to ATPases associated with various 
cellular activities. 
4.11 17031 s at U81239 K+ inward rectifying channel (AtKCl) mRNA 
3.15 17068 at M84658 Receptor-like protein kinase mRNA 
2.61 12389_ at AC005679 Similar to transport protein SEC61 alpha subunit 
homolog 
2.48 14832 at AL035394 Putative peptide/amino acid transporter 
2.47 19245. at AC007233 Putative membrane transporter 
2.02 20447_ at AC004481 Putative membrane transporter 
2.23 17138 at AC002560 Similar to secretory carrier membrane protein 
ETC 
65.00 17362 at Z97338 Glucosyltransferase 
11.00 14346. at AL035396 Pollen specific protein-like 
10.90 17854™ at Z99707 Caltractin-like protein 
10.70 13054. at AF000657 Similar to Bacillus CotA 
10.30 20579. at U90264 Bifunctional nuclease bfnl (bfnl) gene 
8.10 13375. at AC005990 Similar to OBP32pep protein 
6.22 13855. at AC005990 Similar to OBP32pep protein 
6.10 18055. i a t  AJ240063 mRNA for U24a snoRNA 
5.90 19748. at AC004667 Putative SET-domain protein 
5.26 19177. at X99923 mRNA for male sterility 2-like protein. 
5.19 17588. s a t  AF152907 Twin sister of FT (TSF) mRNA 
5.10 14272. at AF096372 Similarity to reverse transcriptase 
4.69 20247. at AC004392 Similar to beta-glucosidase BGQ60 precursor 
4.49 19184. at AC000348 Similar to retrovirus-related like polyprotein 
187 18001 at AFT87317 CAF protein (CAF) mRNA, operates in miRNA 
metabolism 
156 19987. at AC005169 Putative CCCH-type zinc finger protein 
3.50 13212. s at M90509 Beta-1,3-glucanase mRNA 
3.15 18231. at X78585 Di21 mRNA 
3.10 20034. i a t  A71607 Sequence 40 from Patent W09813478. 
3.02 14547. at AC005275 Putative homolog of transport inhibitor response 
3.01 19568. „g_at Y11154 mRNA for DEAD box-like RNA helicase 
2.72 12060. at AC005916 Similarity to silencing mediator of retinoic acid 
and thyroid hormone receptor alpha and cyclin 
T1 from Mus musculus. 
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2.66 17196_ at AL035353 Proline-rich APG-like protein 
2.62 19679 at AL035396 UMP/CMP kinase like protein 
2.60 13474™ at AC002409 Putative integral membrane protein nodulin 
2.59 12988_ at AC003979 Similar to LIM17 gene product from 
Synechocystis 
2.42 17585_ s a t  AF134487 Cytidine deaminase 1 (cdal) mRNA 
2.39 13949 at Z97343 Thioesterase-like protein 
2.39 13793_ at AL035440 Putative APG protein 
2.37 14552 s a t  AL022603 Lsdl like protein 
2.36 17633_ at AF069442 Putative oxidoreductase 
2.30 18061™ r a t  AJ240066 mRNA for U25 snoRNA 
2.27 13378 at AC006200 Putative WD-40-repeat protein 
2.19 14505_ at AC005623 Argonaute (AGOl)-like protein 
2.14 17763 at AC006528 Putative retroelement pol polyprotein 
2.07 18017] f_at A JO10474 mRNA for DEAD box RNA helicase, RH26 
2.03 12491 at AL035394 98b like protein 
2.02 14842_ at Z99708 Trichohyalin like protein 
Unknown 
61.60 13699 at AC006931 Unknown 
58.60 15531_ i a t  AL078637 Unknown 
32.10 13874 at AL022141 Unknown 
25.00 15853, at AC006266 Unknown 
23.50 17231_ at AC004411 Unknown 
2130 16461_ i a t  AC004683 Unknown 
18.80 16462_ s at AC004683 Unknown 
16.50 19555_ at AF058919 Unknown 
15.84 13026 at U93215 Unknown 
15.00 20114 at AL079347 Unknown 
13.90 16406 at AC006921 Unknown 
13.30 17946™ s at AC002560 Unknown 
13.20 16244 at AC002335 Unknown 
12.90 13019 at AC005310 Unknown 
11.40 19547 at AC005882 Unknown 
11.10 16349™ at AL031187 Unknown 
11.10 14048 at AC003673 Unknown 
11.00 19018™ at U78721 Unknown 
10.45 19560 at AL049660 Unknown 
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10.29 17276, s a t  AC006954 Unknown 
7.70 18832_ _s_at AC005313 Unknown 
7.50 15437 at AL031394 Unknown 
6.90 13440 at AL021749 Unknown 
6.70 18117* at AL031326 Unknown 
6.50 15851 i a t  AC006232 Unknown 
6.48 18121 s a t  AC002337 Unknown 
6.10 17245_ at AC005700 Unknown 
5.90 13928 at AC007070 Unknown 
5.78 16946 at AL049660 Unknown 
5.68 15061™ at AC007454 Unknown 
5.47 13504 at AC006528 Unknown 
5.34 17684 at AC003674 Unknown 
5.00 17241 at AC005309 Unknown 
4.92 12119. at AL050351 Unknown 
4.70 17761 s a t  AC005315 Unknown 
4.47 20111™ at AL022198 Unknown 
4.34 12958. at AC002332 Unknown 
4.06 19414 at AL049711 Unknown 
162 16725. at AC007047 Unknown 
160 20575. at AL031804 Unknown 
156 12013. at AC002521 Unknown 
120 17163™ at AC006072 Unknown 
3.13 19102 at AC007018 Unknown 
2.97 17764. s a t  AC007070 Unknown 
2.91 20170 at AC005223 Unknown 
2.90 14585™ at AL022537 Unknown 
2.90 19363 at AC007087 Unknown 
2.85 13832. at AL035656 Unknown 
2.71 
O
 
OC 
at AC002335 Unknown 
2.69 17796. s a t  AF058919 Unknown 
2.65 19321 at AC007260 Unknown 
2.60 14468. at AC007576 Unknown 
2.59 13426. at AC004261 Unknown 
2.58 Î3447™ at Z97336 Unknown 
2.57 16312 at AL079349 Unknown 
2.53 14402 at Z97340 Unknown 
2.53 12038 at AC004044 Unknown 
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2.52 14326. _s_at AC006218 Unknown 
2.51 16278 at AC006922 Unknown 
2.49 12142 at Z99707 Unknown 
2.49 19311 _g_at AC004261 Unknown 
2.46 12588_ at AC006081 Unknown 
2.38 13586_ _g_at AC002341 Unknown 
2.34 18135. at AC007154 Unknown 
2.32 15703 i a t  AC002335 Unknown 
2.30 14437~ at AL096882 Unknown 
2.23 19171 at AC002335 Unknown 
2.22 19993. at AC007260 Unknown 
2.20 14349. at AL035679 Unknown 
2.18 13973~ at Z99707 Unknown 
2.18 14005 s a t  AL021890 Unknown 
2.17 13123. at AL049711 Unknown 
2.16 16732. at AC007230 Unknown 
2.16 14964 at AC001229 Unknown 
2.16 19770. s a t  AC006340 Unknown 
2.15 14802. at AC006532 Unknown 
2.13 15811. at AC004521 Unknown 
2.11 20549 i a t  AC005168 Unknown 
2.11 13384. at AC007209 Unknown 
2.10 15078. at AL049640 Unknown 
2.10 20092. at Z97341 Unknown 
2.08 14569. at AC003979 Unknown 
2.07 12515. at AC003674 Unknown 
2.06 12182 at AC004484 Unknown 
2.05 20009 at Z97336 Unknown 
2.04 19410. at AC007519 Unknown 
2.03 15486. at AC007138 Unknown 
2.03 18214] at AC006284 Unknown 
2.03 15375. at AC001229 Unknown 
2.02 16695. at AC004747 Unknown 
2.02 15524. at AC005508 Unknown 
2.01 12193 at AC006072 Unknown 
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Table 3. Genes up-regulated in untreated aACLA plants (compared to WT plants) that 
have decreased in malonic acid-treated aACLA plants. 
Fold Change 
Untreated Treated Affy # EST Annotation 
Carbohydrate 
11.35 2.68 16859 at AL035523 Alpha-amylase-like protein 
4.31 1.87 13977 at AC002510 Glycerol-3-phosphate dehydrogenase 
Cell Cycle, DNA Repair and Maintenance 
11.20 1.97 14374_at AC005970 Putative replication protein A1 
Cell Wall and Cytoskeleton 
6.50 2.00 16865_s_at AF037367 Endo-polygalacturonase gene 
3.60 1.13 12523_at U30476 Expansin At-EXPl (At-EXPl) Mrna 
Growth and Development 
2.10 1.00 Î75Î8 s at AF016265 FUSCA3 (FUS3) mRNA 
2.01 -1.25 12876_at U33473 Agamous-like 8 (AGL8) mRNA 
Hormones - auxin inducible 
8.10 1.00 13660_i_at U18407 IAA5 (IAA5) gene 
2.60 1.19 Î2593 s at AL035656 Small auxin up RNA (SAUR-AC 1) 
2.46 -1.33 12608_i_at S70188 SAUR-AC1/small auxin up RNA 
Photosynthesis 
2.01 1.01 14634_s_at U29785 Light-dependent 
NADPH:protochlorophyllide 
oxidoreductase B (PorB) mRNA 
Signal Transduction 
28.90 4.07 20485 at AC007660 Putative two-component response 
regulator protein 
11.70 1.00 19136 at Z97337 Kinase like protein 
9.50 1.00 17794 at AC006202 Putative protein kinase 
5.70 1.00 18115" at AC005388 Putative protein kinase 
2.48 1.12 14961 at AL080254 Cell-cell signaling protein csgA-like 
ETC 
65.00 1.00 17362 at Z97338 Glucosyltransferase 
10.50 3.97 16375" at AC005287 Very similar to disease resistance proteins 
8.10 1.00 13375 at AC005990 Similar to OBP32pep protein 
7.69 1.02 18499 at AC007212 Putative purple acid phosphatase 
precursor 
7.40 1.00 20418 at AC007296 Similar to cytochrome P450 
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5.10 1.00 14272_at AF096372 Similar to reverse transcriptase 
2.30 -1.02 18061_r_at AJ240066 mRNA for U25 snoRNA 
Unknown 
13.90 1.00 16406 at AC006921 Unknown 
11.40 5.11 19547 at AC005882 Unknown 
6.71 1.00 18117_at AL031326 Unknown 
6.50 1.00 15851 i at AC006232 Unknown 
5.34 -4.76 17684_at AC003674 Unknown 
2.91 -1.01 20170 at AC005223 Unknown 
2.53 -1.45 12038 at AC004044 Unknown 
2.11 -3.70 13384 at AC007209 Unknown 
2.04 -3.85 19410 at AC007519 Unknown 
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Table 4. Genes down-regulated at ' least two-fold in ACLA plants compared to WT plants. 
Fold Affy # EST Annotation 
Change 
Amino Acid 
-35.10 20331 at AC007168 Putative aspartate aminotransferase 
-17.43 19593 at AC006532 Putative peptide/amino acid transporter 
-2.79 16522" at X77500 AAP4 mRNA, amino acid transporter 
-2.48 12531 at AC007048 Putative tyrosine aminotransferase 
Carbohydrate 
-35.24 19439 at AL022141 Aldehyde dehydrogenase like protein 
-21.30 20428 s a t  Y14404 Isoamylase, ISA1 gene. 
-3.01 17397" at M93023 SNF1-related protein kinase (AKinlO) gene 
-2.94 20434" at AC006922 Putative glucan synthase 
-2.62 12970" s at AC002343 Ribitol dehydrogenase isolog 
-2.55 17396] at AC006341 N AO-dependent glyceraldehyde-3 -phosphate 
dehydrogenase (GapCpl) 
-2.09 16060 at D89051 mRNA for ERD6 protein, putative sugar transporter, 
salt and desiccation induced 
Cell Cycle, Replication and DNA Maintenance 
-4.73 13235_ at AF143940 SWI2/SNF2-like protein (DDM1) gene, DNA 
methylation 
-3.39 13039 at AC002388 FBX5 contains similarity to F-box protein FBL2, 
G(l)/S transition 
-2.64 19876 at AC005727 Putative nucleotide-sugar dehydratase 
-2.53 18777 s a t  M84654 Topoisomerase II (top2) gene 
-2.27 18495 at AC005278 Similarity to nucleotide excision repair protein 
(ERCC2) 
Cell Wall and Cytoskeleton 
-31.64 19187 at U27981 Arabidopsis thaliana actin-11 (ACT11) gene 
-19.95 20561 at AC004411 Putative pectinesterase 
-5.36 19660 at AC002336 Putative expansin 
-4.20 18311" at U25649 Putative pectin methylesterase (ATPME2) 
-4.07 16737_ at AFO13294 Similarity to microtubule-associated protein 2 
(PIR:S06467). 
-3.53 19282 at AC002392 Putative pectinesterase 
-3.45 15804 at AC003970 Similar to pectinacetylesterase 
-3.35 13819 at AC006267 Putative xylan endohydrolase 
-3.00 12257 at AL030978 Myosin heavy chain-like protein 
-2.49 12325" at AL035539 Putative pectinesterase 
-2.47 16660 at AL035678 Putative protein polygalacturonase 
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-2.35 17960 at AC004512 Similarity to xylglucan endo-transglycolsylase 
(TCH4) gene 
-2.32 16560 s at AF088917 Cellulose synthase catalytic subunit (IRX3) mRNA 
-2.22 15575" at AL021711 4-coumarate-CoA ligase-like 
-2.06 14546* s a t  AC002409 Similar to cytoskeletal protein 
-2.04 20432" at U43486 Xyloglucan endotransglycosylase-related protein 
(XTR4) 
Cytochrome P450 
-11.50 19730 at AL078620 Cytochrome P450-like protein 
-9.40 19445] at AC007357 Similar to cytochrome P450 monooxygenase 
Flavonoid 
-6.83 20567 at AJ133743 ttgl gene. 
-5.70 20327] s at AC005496 Putative flavonol 3-0-glucosyltransferase 
Growth and Development 
-25.80 19220 at AF036307 Scarecrow-like 11 (SCL11) mRNA 
-16.75 19949" at AL035524 Senescence-associated protein-like 
-5.56 14712 s a t  AJ223508 mRNA for Zwille protein, shoot apical meristem 
(SAM) formation 
-3.50 20534 _g_at AC004684 Putative SCARECROW gene regulator 
-2.67 20300" _g_at Y10555 mRNA for CONSTANS like 1 (COL1) protein 
-2.62 20699 at AC007659 Putative SCARECROW gene regulator 
-2.50 13676] i a t  AF056550 LEAFY protein (LFY) gene, repression of shoot 
identity gene 
-2.50 13435 at AF003102 AP2 domain containing protein RAP2.9 mRNA 
-2.05 12202 at AF036304 Scarecrow-like 7 (SCL7) mRNA, partial cds 
-2.01 13177" at AL049640 Growth factor like protein 
Hormones 
Abscisic Acid 
-2.11 20393_at 
Auxin 
-106.07 19695_at 
-18.88 20297_at 
-3.73 13565_at 
-3.31 il998 at 
Ethylene 
-2.61 20702 at 
AC006053 Putative protein phosphatase 2C 
AL035656 Auxin-induced protein-like 
AC007153 Similar to indole-3-acetate beta-glucosyltransferase 
AL035601 Auxin-responsive GH3-like protein 
AC006341 Similar to Indole-3-acetic acid induced protein 
AL021636 Putative protein EREBP-4 homolog 
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-2.58 16536 at AB008107 AtERF-5 mRNA for ethylene responsive element 
binding factor 5 
-2.20 16539 s a t  AB013301 Arabidopsis thaliana AtERF6 mRNA for ethylene 
responsive element binding factor, complete cds 
-2.20 17111_ s a t  Y12776 1 -aminocyclopropane-1 -carboxylate synthase (ACC 
synthase) 
-2.18 16609 at AB008104 AtERF-2 mRNA for ethylene responsive element 
binding factor 2 
Gibber ellin 
-3.15 19250 at AL035527 Gibberellin 3 beta-hydroxylase-like protein 
Lipid Metabolism 
-84.19 12028 at AL035528 Fatty acid elongase-like protein (cer2-like) 
-28.08 12029" at AL035540 Putative phosphatidylinositol synthase 
-16.83 19881 at AC004077 Putative trans-prenyltransferase 
-8.15 18807_ at AC007357 Similar to oxysterol-binding protein from Homo 
sapiens. 
-4.17 19879 at Z97338 UFD1 like protein 
-3.72 13527] s a t  AC005662 Putative strictosidine synthase; involved in alkaloid 
biosynthesis 
-2.04 17034 s a t  U84568 Phospholipase D (PLDbeta) 
-2.00 12488_ at AC005819 Putative beta-ketoacyl-CoA synthase 
Mitochondria 
-125.40 20047 at Z97339 Cytochrome c oxidoreductase like protein, bel 
complex 
-48.03 19405 at AJ223803 2-oxoglutarate dehydrogenase E2 subunit 
-4.13 12702" at AC002535 Putative mitochondrial carrier protein 
-3.52 19624" at AL049481 Cytochrome c 
-2.95 13617 at AC006592 Putative mitochondrial dicarboxylate carrier protein 
-2.60 12467 at ABO 16472 ARR2 protein, txn factor related to the expression 
mitochondrial complex I 
-2.13 18709 at X82618 Mitochondrial mRNA for subunit 1 of NADH 
dehydrogenase 
Phosphorous-, Nitrogen- and Iron-Related 
-17.85 18898_s_at AL035356 NADPH-ferrihemoprotein reductase ATR1 
-13.60 20596_s_at AC002333 Putative molybdopterin synthase large subunit 
-4.82 14240_s_at X13434 NIAI mRNA for nitrate reductase NR1 
-3.97 16541_s_at AB023423 AST91 mRNA for sulfate transporter 
-3.10 20595 i at AC002333 Putative molybdopterin synthase large subunit 
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-2.10 18933_at AC007020 Putative ferritin, iron storage protein 
Photosynthesis 
-9.87 20360_at U03774 
-7.00 16621_s_at AF053365 
-4.94 13006 at AC005623 
-2.87 19460_s_at AC000132 
-2.87 19460_s_at AC000132 
-2.24 18726_s_at Y10477 
-2.05 13007 at AC006955 
Glutamyl-tRNA reductase (hemA) gene 
Type II CPD photolyase PHR1 (PHR1) mRNA 
Putative PCI domain protein proteasome, COP9-
complex and eIF3-domain protein, repression of 
photomorphogenesis 
HEMA2, chlorophyll biosynthesis 5-aminolevulinic 
acid (ALA) 
HEMA2, chlorophyll biosynthesis 5-aminolevulinic 
acid (ALA) 
Chloroplast thylakoidal processing peptidase. 
Putative ferredoxin-thioredoxin reductase 
Protein Processing 
-30.92 19981 at AC002387 Putative cis-Golgi SNARE protein 
-18.41 20529 at Z97341 Cysteine proteinase inhibitor like protein 
-14.50 20663" at Z97336 Acylaminoacyl-peptidase like protein 
-12.56 20496 at AL035356 Ubiquitin-specific protease 16 (UBP16) 
-10.32 19627" s a t  AC006068 Putative serine carboxypeptidase II, serine protease 
-4.29 18278 at AC004747 Putative ATP-dependent zinc protease 
-2.73 19797 at AC004512 Similar to serpin gene, serine protease inhibitor 
-2.51 13498" s a t  AC004681 Putative O-GlcNAc transferase 
-2.44 20668 at AC002387 Putative methionine aminopeptidase 
-2.36 14604 at AL049659 Cysteine endopeptidase-like protein 
-2.35 18830" at AC003974 Putative ubiquitin-conjugating enzyme E2 
-2.15 18555" at U33758 Ubiquitin conjugating enzyme E2 (UBC13) gene 
-2.10 18627 s a t  AC004680 Putative protein transport protein SEC 13 
Signal Transduction 
-249.06 19848 s a t  AC004261 Calmodulin-like protein 
-89.60 20229" at AC005679 Vacuolar H+-pyrophosphatase from Oryza sativa 
-11.50 20233" at AC006068 Putative receptor-like protein kinase 
-11.47 18967 s a t  AL049711 Putative calmodulin 
-11.34 20396 at AL021687 Kinase-like protein 
-11.25 20462 at U82399 Putative protein kinase PKI (PK1) gene 
-10.04 20261] at X82002 mRNA for 65 kDa regulatory subunit of protein 
phosphatase 2A 
-9.73 20373 at AL035708 Small GTP-binding protein-like 
-9.55 12262" at AF069442 Putative phospho-ser/thr phosphatase 
-8.46 14122" at AF058826 Similar to eukaryotic protein kinase domains 
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-7.70 13065 i a t  AC003114 Match to calreticulin (AtCRTL) mRNA, ER lumenal 
protein 
-7.30 13911 at AC002333 Putative protein kinase; contains Protein kinases 
ATP-binding region motif 
-5.90 19238 at AC005395 Putative protein kinase 
-4.60 17462" at AF001308 AtKAP alpha 
-4.60 19725 at AC007047 Putative LRR receptor protein kinase 
-3.94 19630" at AL096859 Rabll protein, OTP binding 
-3.57 18012 _s_at AJ002295 mRNA for inositol-1,4,5-trisphosphate 5-
phosphatase 
-3.42 19155 s a t  AC005170 Cyclic nucleotide and calmodulin-regulated ion 
channel 
-3.31 19945 at AC003952 Putative DnaJ-like chaperonin 
-3.17 20075 s at AC005275 NDXl homeobox protein homolog 
-2.99 16972" at AC004261 Calmodulin (cam2) 
-2.97 12497 at AC006533 Putative receptor-like protein kinase 
-2.89 18896 at AC002329 Putative calmodulin-domain protein kinase CPK.6 
-2.86 20333] at U80922 Serine/threonine protein phosphatase type one 
(TOPP8) gene 
-2.79 16398 s a t  AL022603 Putative serine/threonine kinase (fragment) 
-2.78 19025] at AC004260 Putative protein kinase; contains Protein kinases 
ATP-binding region motif 
-2.76 15641 s a t  AF117063 Putative inositol polyphosphate 5-phosphatase At5P2 
mRNA 
-2.65 19442 at AF153352 CDPK-related kinase 2 (CRK2) mRNA 
-2.56 17933" at AC004450 Putative protein kinase 
-2.53 15367 at Y11969 mRNA for dnaJ-like protein. 
-2.42 12281 at AC005170 Putative LRR receptor protein kinase 
-2.34 20254 at AC006592 Putative GTP-binding protein 
-2.20 19471 at AL021811 S-receptor kinase -like protein 
-2.18 12270 at AL030978 Putative receptor protein kinase 
-2.14 20235" i a t  AL022347 Serine/threonine kinase-like protein 
-2.13 17708* at AC006232 Putative Ca2+-binding protein 
-2.13 12600* at AL022604 Putative protein protein kinase APK1 
-2.04 19057* at X86964 AK19 gene protein kinase catalytic domain 
(fragment). 
Storage Protein 
-3.94 16638 at 
-2.02 19057 at 
AC005623 
X91259 
mRNA for lectin-like protein 
mRNA for lectin-like protein 
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Desiccation 
-40.10 19188 at AF069300 Contains similarity to membrane-associated salt-
inducible-like protein (GB:AL021637) 
-4.32 19496 at AF007271 Similar to membrane-associated salt-inducible 
protein 
-2.76 18216 at X95573 mRNA for salt-tolerance zinc finger protein 
-2.50 18217, _g_at X95573 mRNA for salt-tolerance zinc finger protein 
Heat Shock 
-18.83 13276 at X16076 hspl7.6 mRNA for 17.6 kDa heat shock protein 
-7.00 13278 _f_at Y14070 mRNA for heat shock protein 17.6A. 
-2.67 13277 i a t  Y14070 mRNA for heat shock protein 17.6A 
-5.27 13282 s a t  U72958 AtHSP23.6-mito mRNA, nuclear gene encoding 
mitochondrial protein 
Oxidative Stress 
-31.84 18966 at AC004561 Putative glutathione S-transferase 
-43.15 20263 at AB004798 Ascorbate oxidase 
-16.98 20294 at AL035678 Peroxidase ATP17a-like protein 
-14.17 20162" _s_at X94218 mRNA for 2-Cys peroxiredoxin basl 
-4.04 18946 at Y11788 Peroxidase ATP24a 
-3.19 18960 at Y08782 Peroxidase ATP23a 
-3.08 12397 at AC002560 Similar to thioredoxin m4 
-2.65 20060" at AC005489 Similar to glutathione S-transferase TSI-1 
-2.39 13610" s a t  AL096882 Peroxidase ATP 19a 
Pathogen-related 
-7.40 12542 s at AC002333 Putative endochitinase 
-4.12 19425 i a t  AF098964 Disease resistance protein RPPl-WsC gene 
-2.22 17517 at L41245 Thionin (Thi2.2) mRNA 
-2.22 18451 s a t  AL031394 Pathogenesis-related protein 1 precursor, 18.9K 
-2.06 19991 at AC007017 hinl-like protein 
-2.03 20345] at AF104919 Similar to class I chitinases 
ETC 
-32.79 20227 s at AB027252 Myrosinase binding protein, f-AtMBP 
-24.04 19877" at AL049659 Putative protein apoptosis gene MA3 
-5.94 19663" at AC004561 Putative tropinone reductase 
-2.45 19096 at AL080318 Stress-induced protein sti 1 -like protein 
-2.09 14259" i at AC005966 Putative similar to myrosinase binding protein 
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-2.07 12294 s a t  AC002411 Similarity to MRP-like ABC transporter from A. 
thaliana and canalicular multi-drug resistance protein 
from Rattus norvégiens. 
Transcription and TXN Factor 
-63.50 20362 at Z68157 mRNA for myb-related transcription factor 
-54.30 20461 at AL049480 Pumilio-like protein, RNA stability 
-22.70 20664 s a t  AC000132 U2 SnRNP-specific A' protein, RNA splicing 
-17.03 20363 at AC006592 Putative MADS-box protein 
-7.49 20635 s at AJ011669 mRNA for MYB96 protein 
-7.20 12712 _f_at Z95774 mRNA for AtMYB51 R2R3-MYB transcription 
factor 
-7.10 13993_ s_at AC007060 Putative DNA-binding protein similar to DNA-
binding protein NtWRKY3 
-6.59 19696 at AL078637 Putative DNA-binding protein DNA-binding protein 
WRKY3 
-5.65 12063 at AC006284 Putative MYB family transcription factor 
-5.50 19628 at AL035528 RNA-binding protein like 
-3.96 16638 at AF139098 Putative zinc finger protein (PMZ) mRNA 
-3.87 16505™ at AC005397 G-box-binding bZIP transcription factor 
-3.43 16614 s a t  AF015552 MADS-box (AGL9) mRNA, floral organ identity 
-2.73 12437 at Z34661 mRNA for AtTFIIB2 protein 
-2.49 19869 at AF007269 Similar to SPF1 DNA-binding protein 
-2.42 20335 s a t  Y14208 mRNA for AtMYB77 R2R3-MYB transcription 
factor 
-2.28 12727_ f a t  Z95799 mRNA for AtMYB76 R2R3-MYB transcription 
factor 
-2.15 13432 at AC006585 Putative WRKY-type DNA-binding protein 
-2.15 12595 at Y13720 mRNA for Hap2a transcription factor 
-2.10 15663™ s a t  AB013886 mRNA for RAVI 
-2.02 13466 at AL049481 Putative DNA-directed RNA polymerase 
Translation 
-62.90 20527 s at AF007270 Threonyl-tRNA synthetase 
-39.63 20662™ _g_at Y12555 mRNA for alanyl tRNA synthetase 
-18.90 20464 at AC005169 40S ribosomal protein S15A 
-2.58 12234 at AL023094 Putative ribosomal protein S16 
Transporter 
-4.66 20159 at AL078467 Proton pump interactor 
-2.87 17781™ at AL049746 ABC transporter-like protein 
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ETC 
-86.60 20361 s a t  U50451 CTP:phosphocholine cytidylyltransferase gene 
-24.50 20193 at AC007171 Putative ATP-dependent RNA helicase 
-20.60 19950" at AL078637 Transport inhibitor response-like protein 
-20.50 19659" at AL022140 Putative protein hypothetical protein HYP1 
-20.24 20628] at Z99707 Thiol-disulfide interchange like protein 
-19.29 20048 at AC004681 Putative carboxymethylenebutenolidase 
-13.59 20665" s at AC002330 Putative glycosyltransferase 
-10.94 12030" at AL035679 ES43 like protein 
-10.90 19449" at AC005966 Similar to beta glucosidase 
-10.50 19915 at AC006223 Putative CCR4-associated factor 
-10.50 20433 at AC006232 Putative beta-l,3-glucanase 
-9.78 20330] at Y12227 RAS-related protein, RAB7 identical 
-7.06 18965 at AJO10458 mRNA for DEAD box RNA helicase, RH5 
-6.90 20681 at AF067857 Embryo-specific protein 1 (ATS1) gene 
-6.80 12602* at X97970 mRNA for RNA helicase 
-6.19 19407 at AC004697 Putative adenylate kinase 
-5.97 14647 at X87851 RPM1 gene. 
-5.21 12168 at AL030978 Putative protein met-10+ protein 
-5.13 18659 at X84315 GPRP gene 
-5.01 12436 at AL035602 Putative protein MSP1 protein 
-4.37 12520 at AF007271 Similar to S. cerevisiae S IK IP 
-4.14 15495 at AC006282 Putative glucosyl transferase 
-4.12 13433 at AC006836 Putative uridylyl transferase 
-4.08 15779 _g_at X98676 mRNA for ZAT7 protein 
-3.73 15778" at X98676 mRNA for ZAT7 protein 
-3.64 20568 i a t  AJ222646 mRNA for G2484-1 protein 
-3.60 17185] _s_at AF080118 Contains similarity to Zea mays embryogenesis 
transmembrane protein 
-3.45 20045 at U78721 Putative proline-rich protein 
-3.28 18245 s at X97485 mRNA for unknown protein, GRF03 
-3.07 20560" at AC002535 Putative dimethyladenosine transferase 
-2.96 19845" „g_at AJ007588 mRNA for monooxygenase 2 
-2.93 13219" at Y14590 Arabidopsis thaliana CHIV gene 
-2.84 13374] at AC005990 Similar to OBP32pep protein from Arabidopsis 
thaliana. 
-2.83 12069 at AF118223 Contains similarity to human PCFllp homolog 
-2.82 19249" at AL035524 Putative protein MLL protein 
-2.69 16844" at AC006085 RNA helicase; DEAD box RNA helicase 
-2.62 1969l" at AC000107 DP-N-acetylglucosamine pyrophosphorylase-like 
protein 
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-2.52 13004 at AC003952 Putative physical impedence protein 
-2.49 19869 at AF007269 Similar to SPF1 DNA-binding protein 
-2.48 18560 at AC005698 Similar to 14KD proline-rich protein 
-2.47 19844 at AJ007588 mRNA for monooxygenase 2 
-2.42 19342" at AC007067 Similar to putative permease 
-2.30 19977 at AL049659 Putative protein MEL-26 
-2.29 13465" at AL035678 Dem-like protein 
-2.28 19878 at AL080252 Nodulin-like protein 
-2.28 19909" at AC004218 Putative dolichyl-phosphate beta-glucosyltransferase 
-2.25 18374 at AC006439 Putative AAA-type ATPase 
-2.25 18128" s a t  AL035527 Putative bifunctional nuclease 
-2.21 15522" i a t  AL078637 Putative protein C-Terminus of storage protein 
-2.16 20164 at AC000098 Similar to Mycobacterium RlpF 
-2.15 18265" at AL049640 Putative pollen surface protein 
-2.15 15755] at AF076274 Contains similarity to ATPases associated with 
various cellular activities 
-2.15 17554 at AF130849 PIT1 (Pitl) mRNA 
-2.11 12303 s at Y09006 Arabidopsis thaliana rpoMt gene. 
-2.05 20573 at AC006954 Putative sarcosine oxidase 
-2.01 17386 at AC006264 Putative proline-rich protein 
Unknown 
-100.00 19880 at AC002535 Unknown 
-87.90 20049 at AC002341 Unknown 
-87.40 20013" at AC003680 Unknown 
-70.20 19982" at AC002986 Unknown 
-66.20 20698" at AC007020 Unknown 
-65.11 20260" s at AC006069 Unknown 
-64.20 20594* at AC002062 Unknown 
-61.79 20629* at AC006951 Unknown 
-57.70 19373* at AC005496 Unknown 
-50.25 11994* at AC004218 Unknown 
-36.07 18626" at AFO13294 Unknown 
-34.97 20194* at AC007584 Unknown 
-30.40 20429 at Z97336 Unknown 
-29.69 20497 at AL035539 Unknown 
-27.60 19916* at AC006577 Unknown 
-26.16 12128* at AC004261 Unknown 
-24.10 19626* i a t  AC006068 Unknown 
-22.90 12161* at AC006418 Unknown 
-22.41 20262* at AC002294 Unknown 
-20.56 19913* at AC005311 Unknown 
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-19.05 20015 at AC004122 Unknown 
-17.90 20495" s a t  AL021890 Unknown 
-17.73 19914" at AC005727 Unknown 
-17.65 19948" at AC007071 Unknown 
-16.99 19406" at AL049711 Unknown 
-16.55 19947" at AC005322 Unknown 
-15.91 11996" at AC005770 Unknown 
-14.92 20562 at AC006085 Unknown 
-14.81 20195" at AC007591 Unknown 
-14.52 20397 at AL022603 Unknown 
-13.60 20046 at U95973 Unknown 
-11.98 20196" at AC007661 Unknown 
-11.19 12235 at AL049638 Unknown 
-11.05 19219 at AC007019 Unknown 
-11.00 20014" at AC004005 Unknown 
-10.21 13986" at AC005287 Unknown 
-10.12 19882 at AC007069 Unknown 
-10.00 17638" s at AF080119 Unknown 
-9.12 20016 at AC004481 Unknown 
-8.78 11995 at AC004680 Unknown 
-8.52 12062 at AC006069 Unknown 
-8.45 12061" at AC006053 Unknown 
-8.40 19850 at AL035396 Unknown 
-8.26 20463 s at AC002329 Unknown 
-8.14 12195 at AC006234 Unknown 
-8.10 15470 at AC005824 Unknown 
-8.10 19275 at AL049659 Unknown 
-7.47 19409 at AC007357 Unknown 
-7.44 20631 s at U93215 Unknown 
-7.40 12064 at AC007230 Unknown 
-7.37 12095 at AC006223 Unknown 
-7.21 12163 at AC006931 Unknown 
-7.00 20602 at AL031804 Unknown 
-6.89 20501 at AC004136 Unknown 
-6.50 19415 at AL080253 Unknown 
-6.12 19946 at AC004482 Unknown 
-6.10 14760" at AL096859 Unknown 
-6.06 12229" at AC007660 Unknown 
-6.05 12130" at AC004521 Unknown 
-5.75 12034 at AC002330 Unknown 
-5.72 13059 at Z99708 Unknown 
-5.64 20165" at AC002311 Unknown 
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-5.50 18863 at AC005313 Unknown 
-5.04 20051™ at AC000106 Unknown 
-4.64 12135* at AC007230 Unknown 
-4.63 15305 at AF007269 Unknown 
-4.60 15715* at AC004665 Unknown 
-4.48 20125 at AC005496 Unknown 
-4.40 16748 s at AL021960 Unknown 
-4.38 13040* at AC002392 Unknown 
-4.32 12102 at AC007202 Unknown 
-4.27 14805* at AC007019 Unknown 
-4.20 12169* i a t  AL031032 Unknown 
-4.00 20577 at AL078464 Unknown 
-3.90 19004* at AC005896 Unknown 
-3.88 18468 at AC006284 Unknown 
-3.77 20553 at AC007070 Unknown 
-3.52 17888" at AC003027 Unknown 
-3.50 15916* at AC006951 Unknown 
-3.40 15918* at AC007060 Unknown 
-3.40 20512 at AC002336 Unknown 
-3.38 20200 at AL050400 Unknown 
-3.36 19983* at AC003981 Unknown 
-3.34 20703 at AL022605 Unknown 
-3.30 19221 at Z99708 Unknown 
-3.28 20669 at AC002388 Unknown 
-3.26 19912* s a t  AC004450 Unknown 
-3.25 20623 at AF001308 Unknown 
-3.15 20050 at AC004684 Unknown 
-3.13 20199* at AL050300 Unknown 
-3.08 19141* at AC006069 Unknown 
-3.02 19216™ at AC004683 Unknown 
-2.98 19841 at AC007296 Unknown 
-2.97 13428 at AC005311 Unknown 
-2.95 12201 at AC007591 Unknown 
-2.92 19368 at AC000348 Unknown 
-2.92 20467 at AF069441 Unknown 
-2.89 12022 at AC007354 Unknown 
-2.89 12967 at AL035539 Unknown 
-2.88 12133 at AC006193 Unknown 
-2.84 12228 at AC007659 Unknown 
-2.80 12334 at AC002062 Unknown 
-2.78 19375 at AC007267 Unknown 
-2.75 15919* at AC007060 Unknown 
216 
Table 4. (Continued) 
Fold Affy # EST Annotation 
Change 
-2.71 11997 at AC005967 Unknown 
-2.64 13920™ at AC005990 Unknown 
-2.61 19951 at AC005395 Unknown 
-2.56 20654 at AL022580 Unknown 
-2.55 12695 at AL035679 Unknown 
-2.52 19970 s at AC003674 Unknown 
-2.51 17894 at AC005724 Unknown 
-2.50 17143 s a t  AC003028 Unknown 
-2.49 12642 at AC006920 Unknown 
-2.44 18624 at AC004218 Unknown 
-2.42 12197 at AC006418 Unknown 
-2.36 12203™ at AL021710 Unknown 
-2.34 12167 at AJ238803 Unknown 
-2.33 18885 at AC006921 Unknown 
-2.32 18588 at AL022604 Unknown 
-2.31 13994 at AC007171 Unknown 
-2.30 19185 s a t  AL021712 Unknown 
-2.25 12984 at AL049655 Unknown 
-2.20 20636 at AL021889 Unknown 
-2.20 20558 at Z99708 Unknown 
-2.16 20164 at AC000098 Unknown 
-2.14 13005 at AC004683 Unknown 
-2.14 20613 at Z97338 Unknown 
-2.13 14747 at AF080120 Unknown 
-2.10 12104 at AC007730 Unknown 
-2.07 15481 at U93215 Unknown 
-2.05 12335 at AC004411 Unknown 
-2.05 19070 s at AC007658 Unknown 
-2.03 20166 at AC002332 Unknown 
-2.01 18270™ at AC004669 Unknown 
-2.01 12001 at AC007591 Unknown 
-2.01 13177 at AL049640 Unknown 
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Table 5. Genes down-regulated in untreated aACLA plants (compared to WT plants) that 
have increased in malonic acid-treated aACLA plants. 
Fold Change 
Untreated MA-Treated Affy # EST Annotation 
Flavonoid Metabolism 
-6.83 -2.08 20567_ at AJ133743 ttgl gene 
Iron and Sulfate Acquisition 
-13.60 -5.01 20596 
-3.97 -1.15 16541 
s at 
s at 
AC002333 
AB023423 
Putative molybdopterin synthase 
large subunit 
AST91 mRNA for sulfate 
transporter 
Lipid Metabolism 
-84.19 -3.59 
-8.15 -0.92 
-4.17 -1.29 
12028, 
18807 
19879 
at 
at 
at 
AL035528 
AC007357 
Z97338 
Fatty acid elongase-like protein 
(cer2-like) 
Similar to oxysterol-binding 
protein from Homo sapiens 
UFD1 like protein 
Mitochondria 
-48.03 -4.10 
-3.52 -1.29 
19405_ 
19624 
at 
at 
AJ223803 
AL049481 
2-oxoglutarate dehydrogenase E2 
subunit 
Cytochrome c 
Photosynthesis 
-9.87 -4.35 20360 at U03774 Glutamyl-tRNA reductase (hemA) 
gene 
Signal Transduction 
-3.94 -1.21 
-2.02 -0.97 
16638 
19057_ 
at 
at 
AF139098 
X86964 
Putative zinc finger protein (PMZ) 
mRNA 
AK19 gene protein kinase catalytic 
domain 
Storage Protein 
-4.95 -1.19 
-3.73 -2.27 
13006_ 
18228_ 
at 
at 
AC005623 
X91259 
mRNA for lectin-like protein 
mRNA for lectin-like protein 
Transcription 
-39.63 -4.90 20662 „g_at Y12555 mRNA for alanyl tRNA synthetase 
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-6.80 -0.76 12602 at X97970 mRNA for RNA helicase 
-5.01 -1.14 12436 at AL035602 Putative DNA-directed RNA 
polymerase 
-3.17 -0.96 20075, ,s_at AC005275 mRNA for alanyl tRNA synthetase 
-2.15 -1.17 13432] at AC006585 Putative WRKY-type DNA-
binding protein 
-2.02 -0.88 13466 at AL049481 Putative DNA-directed RNA 
polymerase 
ETC 
-24.04 -1.77 19877_ at AL049659 Putative protein - apoptosis gene 
MA3 
-4.37 -1.63 12520 at AF007271 Similar to S. cerevisiae SIKIP 
-3.64 -1.53 20568, i a t  AJ222646 G2484-1 protein. 
-3.28 -0.86 18245] s a t  X97485 mRNA for unknown protein, 
ORF03. 
-2.93 -1.07 13219 at Y14590 CHIV gene. 
-2.83 -0.89 12069] at AF118223 Similarity to human PCF1 lp 
homolog 
-2.64 -0.84 <o
 
00
 
^
1 at AC005727 Putative nucleotide-sugar 
dehydratase 
-2.28 -0.91 19878 at AL080252 Nodulin-like protein 
-2.15 -1.02 18555] at U33758 Ubiquitin conjugating enzyme E2 
(UBC13) gene 
-2.06 -0.99 19991 at AC007017 Hinl-like protein 
Unknown 
-36.07 -2.22 18626_ at AFO13294 Unknown 
-20.51 -3.08 19659 at AL022140 Unknown 
-16.67 -4.40 19947 at AC005322 Unknown 
-15.92 -5.00 11996 at AC005770 Unknown 
-12.59 -2.55 20496, at AL035356 Unknown 
-11.06 -1.42 12235, at AL049638 Unknown 
-8.45 -3.21 12061, at AC006053 Unknown 
-7.45 -3.26 20631, s a t  U93215 Unknown 
-6.13 -2.54 19946, at AC004482 Unknown 
-5.14 -1.05 12168] at AL030978 Unknown 
-4.64 -1.42 12135, at AC007230 Unknown 
-4.32 -1.34 12102, at AC007202 Unknown 
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Table 5. (Continued) 
Fold Change 
Untreated MA-Treated Affy # EST Annotation 
-4.09 -0.68 12702 at AC002535 Unknown 
-3.40 -1.14 13039_ at AC002388 Unknown 
-3.33 -1.03 20703, at AL022605 Unknown 
-3.27 -0.83 20669, at AC002388 Unknown 
-2.98 -1.08 19841, at AC007296 Unknown 
-2.62 -0.66 19691 at AC000107 Unknown 
-2.36 -1.04 12203, at AL021710 Unknown 
-2.28 -0.91 19909, at AC004218 Unknown 
-2.09 -0.86 20358 at AC005693 Unknown 
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Figure 2. 
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Figure 3. Before Treatment (16 DAI) After Treatment (26 DAI) 
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Figure 6. 
Decreased at least two fold 
in untreated aACLA 
plants compared 
to untreated WT plants 
Similar in untreated 
and MA-treated 
WT Plants 
(less than 1.25 
fold change) 
Increased at least 
two fold in 
MA-treated aACLA 
plants compared to 
untreated aACLA 
B 
Normalized intensity 
Oag scale) 
I 
0.01-
L_ WT 
- M A  
WT —1 *— aACLA 
+ MA - MA 
Genotype and Treatment 
aACLA-
+ MA 
rd I 
-J 
Percent Increase in W Percent Increase in ^ 
Rosette Diameter Rosette Diameter 
to 
to ON 
227 
Figure 8. 
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CHAPTER 5. GENERAL CONCLUSIONS 
Acetyl-CoA is both an essential primary and secondary metabolite. Despite extensive 
research on the formation and utilization of acetyl-CoA in plants, many questions remain as 
to both the specific mechanisms of how it is made and allocated, and how these processes are 
regulated. 
Cytosolic acetyl-CoA is required for the production of mevalonate derived isoprenoids. 
Cytosolic acetyl-CoA is also the precursor for the production of malonyl CoA, which is 
required for the biosynthesis of elongated fatty acids, flavonoids and malonic acid. The 
source of acetyl-CoA synthesis in the cytosol of plant cells, and the regulation of its 
formation and utilization, has been only poorly understood. 
This research demonstrates that ATP-citrate lyase (ACL) is a major source, if not the 
only source, for the generation of cytosolic acetyl-CoA. The data characterizes the genes and 
proteins and metabolic function of ACL in plants. Furthermore, it shows that even moderate 
reductions in the activity of this enzyme lead to abnormalities in plant growth. 
This research shows that ACL is composed of two types of subunits, ACLA and ACLB 
in Arabidopsis and other plants. In Arabidopsis, these subunits are encoded by small gene 
families (The genes are: ACLA-1, ACLA-2 and ACLA-3; ACLB-1 and ACLB-2). Co-
expression of ACLA-1 and ACLB-2 in Saccharomyces cerevisiae yields ACL activity while 
single subunits do not, indicating the required presence of both genes for activity. Consistent 
with the lack of targeting peptide sequence, subcellular fractionation studies show the ACL 
enzyme and ACLA and ACLB subunits are located in the cytosol of the cell. The 
coordinated accumulation of ACLA and ACLB mRNAs occurs in spatial and temporal 
patterns concurrent to cytosolic homomeric acetyl-CoA carboxylase, a cytosolic acetyl-CoA 
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requiring enzyme. Taken together, these results indicate that ACL, encoded by ACLA and 
ACLB of Arabidopsis, generates acetyl-CoA for the cytosol. 
To understand the significance of ACL-derived acetyl-CoA to whole plant metabolism, 
antisense Arabidopsis plants with reduced in ATP-citrate lyase activity were generated and 
characterized. 35S:antisense ACLA-1 (anti-ACLA) plants with ACL activity reduced to about 
50% of wild-type levels are profoundly affected and have a complex dwarf or 'bonsai' 
phenotype. Cuticular wax and seed-coat flavonoids are reduced, indicating that ACL may 
generate a cytosolic pool of acetyl-CoA required for the biosynthesis of these 
phytochemicals. Anti-ACLA plants are proportionally reduced in size; possessing smaller 
organs comprised of smaller cells. Additionally, the roots are shorter, and highly branched; 
apical dominance is reduced; length of time to flowering and senescence is increased; and 
fewer, often aberrant seed are produced. This striking alteration in appearance indicates 
normal levels of ACL activity are required for normal growth and development. 
This complex phenotype closely phenocopies plants deficient in sterol biosynthesis. 
Several characteristics found in anti-v4CL4 plants including the reduction in size, reduced 
apical dominance and increased time to senescence, are benchmark traits often observed in 
plants with altered sterol levels (e.g., membrane sterols and brassinosteroids (BR)). 
However, unlike plants with mutations in BR biosynthesis, anti-,4CL4 plants have normal 
cell elongation in inflorescence stems, leaves that are reduced in both length and width and 
have hypocotyl lengths similar to wild-type seedlings. Anti-ACLA plants do not have the 
characteristic dark-grown de-etiolated phenotype of BR mutants and brassinolide treatment 
does not dramatically alter the anti-v4CL4 morphological phenotype. Thus, while BR 
biosynthesis may be sufficient, mti-ACLA plants may be deficient in other MVA-derived 
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sterols. Consistent with these results, the characteristic anti-ACLA phenotype can be partially 
alleviated by the addition of select cytosolic acetyl-CoA-derived compounds. Phenotypic 
reversion upon the addition of squalene, cholesterol, sitosterol, and stigmasterol implies that 
these compounds can partially compensate for metabolic perturbations induced by a 
reduction in ACL activity. Taken together, these data indicate it is likely that anti-ACLA 
plants are dwarfed in part due to the lack of sterols. Limitations in sterol biosynthesis could 
lead to reduced cell growth due to the reduced capacity for membrane biogenesis, or altered 
organelle function. 
Similar to WT plants treated with an inhibitor of HMGR, a key enzyme in the MVA 
pathway, anti-,4 CL4 plants accumulate increased levels of starch indicating ACL activity is 
required for normal carbon metabolism. Additionally, increased accumulation of 
anthocyanins in conjunction with starch may indicate that anti-ACLA plants are in sugar-
induced catabolite repression, a metabolic response often occurring when sugar is in excess 
in relation to sink-requirements. This is further substantiated by profiles of mRNAs with 
altered levels of accumulation including the reduction of photosynthetic related mRNAs, and 
the elevation of sugar inducible genes in anti-ACLA plants. 
Kxxti-ACLA plants accumulate anthocyanin (often an indicator of biotic or abiotic stress), 
carotenoids and have increased levels of mRNAs encoding osmotic, light, heat and oxidative 
stress-related genes. The combined accumulation of these molecules may reflect the reduced 
capacity for anti-ACLA plants to function in a normal environment or may represent 
metabolic stress caused directly or indirectly by the reduction in ACL activity. 
Despite the reduction in ACL activity, flavonoids accumulate to high levels in vegetative 
tissues, potentially at the expense of other cytosolic acetyl-CoA requiring pathways. 
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Phenotypic reversion upon the addition of malonic acid can partially compensate for 
metabolic perturbations induced by a reduction in ACL activity. 
Whether the added phytochemicals directly compensate for deficiencies by serving as a 
precursor normally generated by cytosolic acetyl-CoA, alleviate pressure on up-stream 
metabolic pools, or plays a role in signal transduction, remains an interesting question. 
Due to the extensive metabolic multitasking of cytosolic acetyl-CoA, it is not surprising 
that a reduction in cytosolic acetyl-CoA would result in a pleiotropic effect altering many 
aspects of the phenotype. The severe dwarf phenotype of ACL-deficient plants demonstrates 
that ACL at normal levels is required for normal plant growth, development and metabolism, 
and it is probable that this change in ACL activity is manifested by alterations in the pool of 
cytosolic acetyl-CoA. The data indicate that cytosolic acetyl-CoA may be differentially used 
by different pathways and no other source of acetyl-CoA can compensate when ACL activity 
is limiting. 
APPENDIX A. UNIDENTIFIED GENES UP- OR DOWN-
REGULATED IN ANTISENSE ACLA ROSETTES 
Fold AFGC Accession Annotation 
Change Clone ID 
Genes up--regulated in an tisense ,4 CL4 rosettes compared to wild-type rosettes. 
5.58 81G10T7 T20472 Unknown 
4.38 139I3T7 T46268 Unknown 
3.24 286F9T7 AA395753 Unknown 
3.12 164K1T7 R30050 Unknown 
2.92 G4B1T7 N96651 Unknown 
2.89 305D7T7 AA394333 Unknown 
2.79 E5E12T7 AA042091 Unknown 
2.74 158F18T7 T88573 Unknown 
2.65 F1E5T7 AA713004 Unknown 
2.49 G11G11T7 W43435 Unknown 
2.48 106F24T7 R84006 Unknown 
2.46 127E19T7 T44600 Unknown 
2.46 127E19T7 T44600 Unknown 
2.45 E1B4T7 AA041067 Unknown 
2.45 180K17T7 H36910 Unknown 
2.44 168P21XP AA651049 Unknown 
2.42 E1H11T7 AA041116 Unknown 
2.41 135E14XP A A394461 Unknown 
2.29 289C12T7 AA650871 Unknown 
2.26 E12H1T7 AA042686 Unknown 
2.15 316B12T7 AA395565 Unknown 
2.15 2G12T7P T13079 Unknown 
2.13 119P20XP AA395293 Unknown 
2.13 180H6T7 H37374 Unknown 
2.11 E1A12T7 AA041061 Unknown 
2.10 F10G8T7 AA713090 Unknown 
2.10 125K16T7 AA721824 Unknown 
2.08 G9D11T7 N96784 Unknown 
2.07 115G24XP AA395049 Unknown 
2.05 150E20T7 R84100 Unknown 
2.02 200D13T7 AA712824 Unknown 
2.01 175A18T7 H36161 Unknown 
1.97 293A4T7 AA395814 Unknown 
1.97 91F18XP AI100516 Unknown 
1.94 198L1T7 H76583 Unknown 
1.94 106E24T7 T22081 Unknown 
1.93 170N7XP AA651092 Unknown 
1.91 G12B4T7 W43463 Unknown 
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APPENDIX A. (Continued) 
Fold AFGC Accession Annotation 
Change Clone ID 
1.89 RGP2 Unknown 
1.88 220D23T7 N38568 Unknown 
1.87 133N3XP AA395367 Unknown 
1.85 175012T7 H36200 Unknown 
1.85 152N24T7 R30204 Unknown 
1.84 193C17T7 H75999 Unknown 
1.84 190I22T7 R90159 Unknown 
1.84 CI0018 - Unknown 
1.83 180016T7 H36924 Unknown 
1.83 211D16T7 N37397 Unknown 
1.82 197I17T7 AA597405 Unknown 
1.81 147Q13XP AA404934 Unknown 
1.80 F4C7T7 N96462 Unknown 
1.80 52F8T7 T41583 Unknown 
1.79 245M7T7 N97162 Unknown 
1.79 96M7T7 T21358 Unknown 
1.78 E12B10T7 AA042636 Unknown 
1.78 293H6T7 AA395824 Unknown 
1.78 F4H4T7 N96632 Unknown 
1.77 E11B1T7 AA598191 Unknown 
1.75 155K3XP AA394582 Unknown 
1.75 104B13XP AA585738 Unknown 
1.75 251H23T7 AA605331 Unknown 
1.75 177K15T7 H36703 Unknown 
1.74 G3C11T7 N96719 Unknown 
1.74 189E1T7 R90548 Unknown 
1.72 195L16T7 AA712737 Unknown 
1.72 174P10T7 H36159 Unknown 
1.72 158J17T7 T88252 Unknown 
1.70 149I4T7 T76695 Unknown 
1.68 E6F4T7 AA042345 Unknown 
1.66 118E14T7 R86791 Unknown 
1.65 K6C10TP AA728726 Unknown 
1.64 309C3T7 AA394430 Unknown 
1.63 185N5XP AA605371 Unknown 
1.63 CI0004 - Unknown 
1.63 PARI 29 - Unknown 
1.61 96B2XP AA395648 Unknown 
1.61 G3D7T7 N96734 Unknown 
1.61 H3H10T7 W43670 Unknown 
1.60 271C9T7 AA651527 Unknown 
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APPENDIX A. (Continued) 
Fold AFGC Accession Annotation 
Change Clone ID 
1.60 210L17T7 N37795 Unknown 
1.60 244D20T7 N97061 Unknown 
1.57 143N6XP AA404857 Unknown 
1.56 E6A5T7 AA042290 Unknown 
1.56 E7H10T7 AA042659 Unknown 
1.56 G10F8T7 N96208 Unknown 
1.55 F3D3T7 N95937 Unknown 
1.54 251D4T7 AA042572 Unknown 
1.54 144C13T7 T75745 Unknown 
1.51 H1H10T7 W43537 Unknown 
1.50 G8C4T7 N96314 Unknown 
1.49 81050 T69865 Unknown 
1.44 162D22T7 AA720256 Unknown 
1.41 135J10T7 T46103 Unknown 
1.41 135J10T7 T46103 Unknown 
1.38 E2H4T7 AA042134 Unknown 
1.21 RGP1 AF013627 Unknown 
1.17 G6C12T7 N96865 Unknown 
1.17 189H1T7 R90559 Unknown 
1.15 F3D9T7 N95940 Unknown 
Genes down-regulated in antisense ACLA rosettes compared to wild-type 
rosettes. 
-21.28 114B21T7 T42559 Unknown 
-4.67 275C5T7 AA651600 Unknown 
-2.99 191D5T7 R90660 Unknown 
-2.72 46E8T7 T14080 Unknown 
-2.69 178E21XP AA651249 Unknown 
-2.44 H8B11T7 W43672 Unknown 
-2.34 E1A9T7 AA041064 Unknown 
-2.22 97N2T7 T22140 Unknown 
-2.19 88I17T7 T20588 Unknown 
-2.15 F3E9T7 N95951 Unknown 
-2.14 12509XP AI099824 Unknown 
-2.07 114J10T7 T43009 Unknown 
-2.07 156E23T7 T88435 Unknown 
-2.06 E2C4T7 AA041152 Unknown 
-2.06 215K7T7 N38386 Unknown 
-2.06 145F23T7 T46457 Unknown 
-2.05 210K20T7 N37378 Unknown 
-2.02 150A10T7 R84122 Unknown 
-1.95 91C21T7 AA395583 Unknown 
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APPENDIX A. (Continued) 
Fold AFGC Accession Annotation 
Change Clone ID 
-1.90 110C2T7 T42036 Unknown 
-1.89 34B5T7 T04243 Unknown 
-1.88 128C4T7 T45009 Unknown 
-1.87 143F8T7 T46412 Unknown 
-1.86 H4D1T7 W43725 Unknown 
-1.84 132E19XP AA394522 Unknown 
-1.84 190G12T7 R90140 Unknown 
-1.83 250A1T7 W43333 Unknown 
-1.82 G9D1T7 N96785 Unknown 
-1.81 F6F8T7 N96565 Unknown 
-1.81 40D7T7 T04577 Unknown 
-1.78 H4G5T7 W43756 Unknown 
-1.76 107M20T7 T22867 Unknown 
-1.74 111E2T7 T42237 Unknown 
-1.73 116H5XP AA395159 Unknown 
-1.73 20101T7 H76730 Unknown 
-1.69 E12B6T7 AA042640 Unknown 
-1.68 171C18T7 R65449 Unknown 
-1.66 237C1T7 N65798 Unknown 
-1.64 37C9XP AA5 85963 Unknown 
-1.64 141M16T7 T46361 Unknown 
-1.63 187J22T7 R90007 Unknown 
-1.63 H1H12T7 W43539 Unknown 
-1.62 G2D4T7 AA713102 Unknown 
-1.62 178C4T7 H36351 Unknown 
-1.62 94L14T7 T21049 Unknown 
-1.61 F2H8T7 N95890 Unknown 
-1.61 108F6T7 T22966 Unknown 
-1.60 126N19T7 T44901 Unknown 
-1.58 213K17T7 N37488 Unknown 
-1.57 F1D7T7 N96412 Unknown 
-1.57 120013T7 T43537 Unknown 
-1.56 G10G6T7 N96216 Unknown 
-1.55 122I2XP AA395352 Unknown 
-1.55 G6B6T7 N96861 Unknown 
-1.55 41H3T7 T13839 Unknown 
-1.54 205A20XP AA605549 Unknown 
-1.53 T194211 AI100032 Unknown 
-1.53 G2G7T7 N96690 Unknown 
-1.52 167A24XP AA651019 Unknown 
-1.51 154C6T7 T76510 Unknown 
-1.50 88A13XP AI 100407 Unknown 
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APPENDIX A. (Continued) 
Fold AFGC Accession Annotation 
Change Clone ID 
-1.47 48A3T7 T14146 Unknown 
-1.47 111H17T7 T42263 Unknown 
-1.46 156J8XP AA394673 Unknown 
-1.42 200F16T7 AA597525 Unknown 
-1.40 119D8XP AI099712 Unknown 
-1.39 156C18XP AI099560 Unknown 
-1.39 CI0019 - Unknown 
-1.38 119C9XP AA395244 Unknown 
-1.37 169N24T7 R84204 Unknown 
-1.35 39H9T7 T04566 Unknown 
-1.33 11605XP AA395182 Unknown 
-1.33 122P6XP AA395380 Unknown 
-1.17 H1B11T7 N95878 Unknown 
-1.15 E7E6T7 AA042623 Unknown 
-1.10 217E19T7 N38057 Unknown 
-1.02 C4 AF144726 Unknown 
APPENDIX B. METABOLITES AND CONCENTRATIONS USED FOR 
BIOCHEMICAL SUPPLEMENTATION 
Chemical Sigma ~ pH Final # WT # aACLA Lines # of 
Catalog Concen­ plants plants Experi­
# tration ments 
No treatment 5.7 154 91 1-21 
8-14 
10-6 
10 
Water 7 109 68 1-21 
8-14 
10-6 
10 
Amino acids A6282 5.5 2.5 4 7 10-6 1 
(acidic and neutral) A6407 
Campesterol C5157 6 0.5 fiM 8 6 10-6 2 
3.8 n-M 4 4 10-6 1 
Cysteine C7880 6.0 0.1 mM 8 5 10-6 2 
Dichlorophenoxyacetic 
acid (2,4 D) 
D7299 5.5 1.0 nM 4 3 10-6 1 
Epibrassinolide E1641 6 0.5 [xM 9 10 10-6 3 
3.1 |^M 4 7 10-6 2 
5.0 |iM 4 2 10-6 1 
Gibberellin GA3 G1025 6.5 10.0 fiM 4 4 10-6 2 
Malonic acid M1875 6 1.0 piM 12 8 1-21 2 
Disodium salt 8-14 
10-6 
67.5 [i,M 4 4 1-21 
8-14 
10-6 
1 
100.0 fxM 16 9 1-21 
8-14 
10-6 
3 
Narigenin N5893 6 6.2 [aM 4 4 10-6 1 
70.0 [iM 4 4 10-6 1 
O-acetyl-serine A6262 4 10.0 ^M 8 2 10-6 2 
37.5 mM 4 4 10-6 1 
Oxaloacetate 04126 6.5 2.0 mM 4 5 10-6 1 
Phosphoenol-pyruvate P0564 7 2.0 mM 2 3 10-6 1 
Quercetin Q0125 6 0.1 mM 4 4 10-6 1 
Stilbene (trans) S6382 5.5 50.0 fxM 16 13 10-6 2 
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APPENDIX C. QUANTITATION OF CUTICULAR WAX FROM 
INFLORESCENCE STEMS OF WILD-TYPE AND ANTISENSE ACLA 
PLANTS TREATED WITH MALONIC ACID 
50.0 
S 40.0 $ 
b Q 
a» 
30.0 
S 
a 
H 
a 
20.0 
10.0 
WT anti-ACLA 
10-6 
WT anti-ACLA 
10-6 
+ H20 + MA 
Inflorescence stems from malonic acid (MA)-treated anti-ACLA plants have increased 
accumulation of cuticular wax. Cuticular wax was extracted from the inflorescence stems 
of magenta-box grown wild-type • plants and severe mù-ACLA • plants 26 DAI, analyzed 
by gas chromatography and mass spectrometry: Untreated anti-ACLA inflorescence stems 
have an average of 17% less wax when compared to wild type plants. After treatment with 
MA anti-ACLA plants have an average of 5.8% less wax. Stems of six water or MA-treated 
WT plants, or eight water or MA-treated mti-ACLA plants were pooled for extraction. Data 
represents one extraction. 
245 
ACKNOWLEDGEMENTS 
Many people have played a most appreciated role in my acceleration toward 'escape 
velocity' (Colbertism). I thank my major professor, Dr. Eve Syrkin Wurtele, for she has 
provided opportunity, inspiration, encouragement, insight, guidance, friendship and fun. 
I am grateful to my committee members, Dr. Jim Colbert, Dr. Harry Homer, Dr. Basil 
Nikolau, and Dr. Martin Spalding, for helpful discussions and from whom I have acquired 
knowledge and insight that has and will continue to impact my scientific career. 
I would like to thank Dr. Harry Homer, Tracey Pepper, members of the ISU Bessey 
Microscopy Facility, who helped to make the many hours spent in the basement of Bessey 
more productive and tolerable. 
I appreciate the many efforts of the Botany Department Staff including Sharon East, 
Christina Gallup, Joyce Hanson, and Joanne Nystrom, for if I didn't know, they did. 
I thank the past and present members of the Wurtele Lab specifically Dr. Marc Anderson, 
Dr. Carol Foster, Dr. Hilal Ilarslan, Dr. Hui-Rong Qian, Beth Winters, and other members for 
discussion, answers to questions, and making the time fly by. 
To the friends I met while in grad school and those I went to in order to escape it, Christy 
and Jake Allred, Dr. Paul Bloom, Ann Perera, Dr. Faye Rosin, and Nancy Svien, thanks for 
patiently listening and for all of the emotional support. 
Lastly, I would like to thank my parents, Roy and Janet, for always telling me that I could 
do whatever I put my mind to and as long as I did my best, they would be proud, and my 
sister, Melissa, and the rest of my wonderful family for their encouragement and support. 
Infinite thanks to all. 
